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Abstract

A longstanding research goal has been to understand the nature and role of copper–oxygen 

intermediates within copper-containing enzymes and abiological catalysts. Synthetic chemistry has 

played a pivotal role in highlighting the viability of proposed intermediates and expanding the 

library of known copper–oxygen cores. In addition to the number of new complexes that have been 

synthesized since the previous reviews on this topic in this journal (Mirica, L. M.; Ottenwaelder, 

X.; Stack, T. D. P. Chem. Rev. 2004, 104, 1013–1046 and Lewis, E. A.; Tolman, W. B. Chem. Rev. 
2004, 104, 1047–1076), the field has seen significant expansion in the (1) range of cores 

synthesized and characterized, (2) amount of mechanistic work performed, particularly in the area 

of organic substrate oxidation, and (3) use of computational methods for both the corroboration 

and prediction of proposed intermediates. The scope of this review has been limited to well-

characterized examples of copper–oxygen species but seeks to provide a thorough picture of the 

spectroscopic characteristics and reactivity trends of the copper–oxygen cores discussed.
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1. INTRODUCTION

Understanding how oxygenations and oxidations of organic molecules operate and 

developing new selective, green, and efficient methods to perform these transformations are 

central goals in chemical research.1–4 Such reactions are critically important in myriad 

processes, including metabolism, synthesis of useful organic compounds, and energy-related 

conversions. Metal ions play a privileged role as oxygenation and oxidation reagents and 

catalysts, largely through their ability to activate O2 and to generate structurally intriguing 

metal–oxygen species that can have the ability to attack even the strongest C–H bonds. 

Copper ions are particularly prevalent in enzymes,5,6 heterogeneous catalysts,7,8 and soluble 

reagents9–11 that oxidize organic molecules, and they are also involved in four-electron 

processes that interconvert O2 and H2O.12–14 A rich variety of mechanisms have been 

postulated for these systems, which may contain one or more copper ions that generate 

structurally diverse intermediates. Longstanding goals have been to comprehend these 

mechanisms, determine the geometries and electronic structures of the key intermediates, 

and unravel structure/function relationships for the catalytic centers, ultimately to enable the 

design of new and more selective and/or reactive oxidation catalysts.

A particularly valuable strategy for reaching these goals involves the synthesis, 

characterization, and detailed evaluation of the reactivity and mechanisms of reactions of 

discrete molecules that contain copper–oxygen moieties. In this review, we survey recent 

studies that use this strategy and that have provided unique and fundamental insights into 

possible structures, properties, and reactivities of copper–oxygen intermediates involved in 

oxygenation and oxidation reactions in both biological and abiological systems. As two 

previous comprehensive reviews on the subject were published in this journal in 2004,15,16 

we focus on work that has appeared since then, and through August 2016. The reader also is 

pointed to a number of more narrowly targeted but useful reviews or accounts on this subject 

that have appeared since 2004.4,9,12,14,17–39
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In this section, we set the stage for discussion of the synthetic work by briefly surveying 

various proposals for copper–oxygen intermediates in biology and in abiological catalysts. 

The subsequent discussion is organized by the copper ion nuclearity of the synthetic 

compounds (sections 2–4). The supporting ligands and their abbreviations discussed in all 

the sections are provided in Charts 1, 2, 3, 4, and 5, organized according to the number and 

type of donors they contain.

1.1. Proposed Copper–Oxygen Intermediates in Biology

Much of the research on synthetic copper–oxygen compounds is inspired by postulates for 

active site intermediates and mechanisms in enzymes. A recent comprehensive review 

describes these enzymes and their copper-containing active sites in detail,5 so here we only 

briefly summarize some of the proposed copper–oxygen motifs and key issues that have 

guided synthetic modeling work (Figure 1).

Monocopper species have been proposed as intermediates in hydroxylations catalyzed by 

dopamine and tyramine β-monooxygenases (DβM and TβM),41–44 peptidylglycine α-

hydroxylating monooxogyenase (PHM),45,46 and the more recently characterized lytic 

polysaccharide monooxygenase (LPMO) (Figure 1a and b).47–51 In DβM, TβM, and PHM, 

the copper coordination sphere includes two histidine imidazolyls and a methionine 

thioether, whereas in LPMO a histidine imidazolyl and a “histidine brace” comprising a 

histidine imidazolyl and the amine terminus of the peptide chain are bound to the active site 

metal ion. This same “histidine brace” has also been identified in particulate methane 

monooxygenase (pMMO).52 For all of the monocopper systems, reaction of a Cu(I) form 

with O2 is proposed to yield a copper(II)-superoxo adduct (X = OO•−).53 Such an adduct has 

been characterized by X-ray crystallography in an oxygenated precatalytic PHM enzyme 

complex54 and has been proposed to attack the C–H bond of substrate, primarily on the basis 

of kinetic data obtained for DβM and PHM.41 The presumed product is a copper(II)-

hydroperoxide (X = OOH; also written as [CuOOH]+).55,56 This latter species could also be 

formed from the superoxo complex by addition of a proton from the medium and an electron 

from a redox site. Alternatively, a copper(II)-hydroperoxide might also be capable of 

attacking the substrate, either directly or after O–O bond scission to yield a copper(II)-oxyl 

(X = O•; also written as [CuO]+). Computational studies aimed at evaluating the feasibility 

of these intermediates and their ability to attack a substrate C–H bond have indicated that the 

[CuO]+ unit, best described as having a triplet ground state with a Cu(II) ion weakly bonded 

to an O-centered radical,17,57 is the least stable species and is the most potent oxidant.58–61 

These various ideas concerning the mechanism of substrate attack by the monocopper 

enzyme sites and the structures of the putative intermediates have inspired numerous 

attempts to synthesize complexes with the Cu–X (X = OO•−, OOH, O•) cores, and related 

species, and to understand their properties and reactivities (section 2).

In the coupled binuclear polyphenol oxidases (CB–PPOs, of which tyrosinase and catechol 

oxidase are the most studied), it is proposed that the substrate binds to the oxy form of the 

enzyme to generate the “peroxo” intermediate shown in Figure 1c. The μ-η2:η2-peroxo 

binding mode shown in this intermediate has been conclusively identified by X-ray 

crystallography in the oxy forms of the O2 binding protein hemocyanin62 and in tyrosinase63 
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and catechol oxidase,64 as well as by spectroscopy in other enzymes.65 Attack at the 

substrate by the (μ-η2:η2-peroxo)dicopper intermediate in tyrosinase is a mechanistic 

paradigm.5,32,66,67 Yet, the elucidation of a facile equilibrium between (μ-η2:η2-

peroxo)dicopper and bis(μ-oxo)dicopper cores in synthetic complexes68,69 provides 

precedence for the postulate of a similar equilibrium in the CB-PPOs. Even though a bis(μ-

oxo) species has not been observed in any enzyme, it may still be formed as a transient 

reactive intermediate, which raises a key question: which core is responsible for the 

electrophilic attack at the coordinated phenol substrate, in particular to result in 

hydroxylation of the aromatic ring? This and related questions have stimulated extensive 

research aimed at understanding the reactivities of complexes that contain the μ-η2:η2-

peroxo and bis(μ-oxo) cores (section 3).

This research has also been driven by hypotheses about the involvement of the (μ-η2:η2-

peroxo)- and bis(μ-oxo)dicopper cores in particulate methane monooxygenase (pMMO).
70–76 Other dicopper species have also been suggested (Figure 1d), in large part stimulated 

by the identification by X-ray crystallography and EXAFS of a dicopper site in the enzyme.
29,77–80 These species include triplet75 or mixed-valent Cu(II)Cu(III)72 variants of the bis(μ-

oxo)dicopper core, a (μ-oxo)dicopper(II) unit akin to what has been proposed in Cu-doped 

zeolite catalysts (see section 1.2),81–83 and dicopper units that incorporate a copper(II)-oxyl 

moiety.77 Alternative hypotheses of mono-84 and tricopper catalytic sites in pMMO have 

also been advanced, and proposals of additional tricopper reactive intermediates such as that 

shown in Figure 1d have been made.85,86 In view of the tentative understanding of the nature 

of the pMMO active site and the mechanism(s) by which the strong C–H bond of methane is 

attacked, along with the significance of the reaction it catalyzes, much effort continues to be 

expended to develop models of the various proposed pMMO di- and tricopper active site 

intermediates and to evaluate their reactivity (sections 3 and 4).

Tricopper intermediates are involved in the complete 4-electron reduction of O2 to H2O 

catalyzed by the large and biologically important class of multicopper oxidases, which 

include laccase, ascorbate oxidase, ceruloplasmin, bilirubin oxidase, cuprous oxidase, and 

others.5,40 Extensive spectroscopic and computational studies of these enzymes have led to 

the postulate of two key “peroxo” and “native” intermediates along the 4-electron dioxygen 

reduction pathway (Figure 1e).5,40 The importance of the oxygen reduction reaction (ORR) 

(cf. for fuel cell applications)87 and the novel structures proposed for the various enzyme 

intermediates have inspired efforts to construct multicopper model complexes, as described 

in section 4.

The ORR is also catalyzed by cytochrome c oxidase (CcO, a member of a broader class of 

heme copper oxidases), which is the terminal mitochondrial component of the respiratory 

chain that uses the energy supplied by the ORR to pump protons across the cellular 

membrane and fuel adenosine triphosphate (ATP) synthesis.5,88,89 The binding and 

reduction of O2 to H2O by CcO, with avoidance of H2O2 production, occurs at a 

heterobimetallic active site comprising a heme adjacent to a copper center bound to three 

histidyl imidazoles, one of which is linked via a post-translational modification to a tyrosine 

residue. Key proposed intermediates include a peroxo species potentially coordinated to both 

iron and copper, as well as “PM”, in which the O–O bond is broken and the Fe, Cu, and 
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tyrosine moieties are oxidized (Figure 1f). Approaches toward understanding the detailed 

mechanism of the ORR by CcO and how partial reduction to yield H2O2 are avoided include 

targeting reactive heme-copper oxygen species for synthesis and characterization as well as 

using electrochemical methods to evaluate catalysis in model complexes. The results of such 

approaches have been reviewed extensively elsewhere, so will not be described herein.
12,21,24,90–95

In addition to the multitude of fascinating copper–oxygen motifs proposed as intermediates 

in enzymes, copper–oxygen species have also been hypothesized to be involved in the 

generation of “reactive oxygen species” (ROS) by copper complexes targeted as 

metallodrugs and nucleases.96,97 In most cases, copper–oxygen intermediates have not been 

identified as distinct intermediates in ROS generation, but data in support of the 

“intermediacy of a ROS that is intimately bound to the copper center”98 has been presented 

for copper bound to the amino terminal Cu(II)- and Ni(II)-binding (ATCUN) peptide motif.
99–101 The nature of such “intimately bound” ROS/copper species is not known. Copper-

promoted generation of ROS has also been implicated in many neurodegenerative diseases,
102–105 but we are unaware of experimental evidence for specific copper–oxygen 

intermediates in these processes. Nonetheless, information gleaned from studies of synthetic 

copper–oxygen complexes may inform understanding of ROS generation mechanisms by a 

variety of copper species in a biological context.

1.2. Proposed Copper–Oxygen Intermediates in Abiological Catalysis

Copper–oxygen intermediates akin to those postulated for enzymes may also be involved in 

oxidations of organic substrates by synthetic catalysts.9,10 In most cases, however, evidence 

for such intermediates in oxidations is sparse or nonexistent, or pathways involving aerial 

oxidation of Cu(I) to Cu(II) species are invoked that do not specify the nature of any copper– 

oxygen species involved.106,107 We note here just a few key examples where experimental 

support for copper–oxygen intermediates during an oxidation reaction has been provided 

and/or particularly provocative hypotheses for copper–oxygen intermediates are proposed on 

the basis of theory.

Particular attention has been focused on the mechanism of the selective oxidation of 

methane to methanol by copper sites in zeolites.81,82,108–110 An early proposal111 invoking a 

bis(μ-oxo)dicopper species as being responsible for attacking the strong C–H bond of 

methane has been supplanted on the basis of extensive spectroscopic data by the hypothesis 

of a dicopper(II) species with a single oxo bridge82,112–114 that is derived from a μ-η2:η2-

peroxo precursor.115 DFT calculations support the notion that the (μ-oxo)dicopper species 

abstracts a hydrogen atom from substrate.112 A driving force is the formation of a strong O–

H bond (calculated to be 90 kcal/mol) to yield the [Cu2(μ-OH)]2+ product, although the 

reaction step was found to be endothermic by 13.8 kcal/mol. It was further proposed that 

approach of methane to the oxo-bridged dicopper(II) moiety along the reaction coordinate is 

accompanied by changes in low-lying singly occupied molecular orbitals, essentially 

inducing formation of a novel mixed valent oxyl radical species with significant p orbital 

character on the bridging O atom oriented to facilitate hydrogen atom abstraction from the 

substrate (Figure 2a). The role of water in methane oxidation by Cu in zeolites has been 
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evaluated by experiment and theory,114,116,117 and suggested to play multiple roles, 

including to change the nature of the active site structure. More recent theoretical work led 

to the proposal of a pathway invoking peroxo and terminal hydroxo and oxyl intermediates 

(Figure 2b).83 An alternative [Cu3(μ-O)3]2+ core has been proposed in mordenite (Figure 

2c).118 While formally a mixed valent species (Cu(III)2Cu(II)), the cluster was described as 

having all Cu(II) ions with radical character on the O atoms on the basis of DFT 

calculations. In contrast, a monocopper [CuOH]+ species has been suggested to be the 

oxidant in so-called 8-membered ring zeolites.119 Clearly, the mechanism(s) of O2 activation 

and methane hydroxylation are controversial, providing much impetus for investigation of 

putative dicopper species through synthetic modeling approaches.

Another illustrative example of a copper-catalyzed oxidation reaction for which intriguing 

intermediates are proposed is the hydroxylation of benzoate derivatives (Figure 3).120,121 

DFT calculations employed to analyze this process suggested that homolytic scission of the 

N–O bond in a copper(II) complex of trimethylamine-N-oxide (TMAO) yielded a 

copper(II)-oxyl intermediate.121 A concerted pathway for hydroxylation of the aromatic ring 

by this intermediate was found to be favored relative to a stepwise hydrogen atom 

abstraction/rebound process. Copper(II)-oxyl species have also been proposed in other 

catalytic reactions. For example, on the basis of DFT calculations such a unit has been 

suggested to be the active oxidant in the oxidation of alkanes by H2O2 catalyzed by 

tris(pyrazolyl)hydroborate-based copper complexes.122 These and other examples of copper-

catalyzed oxidations for which copper–oxygen species are postulated serve as yet more 

impetus for studies aimed at understanding the properties of copper–oxygen complexes.

2. MONOCOPPER COMPOUNDS

In this section, we focus on work reported since 2004 on preparing, characterizing, and 

understanding the reactivity of mononuclear copper–oxygen complexes. The discussion is 

divided into three parts: 1:1 Cu:O2 complexes, copper(II) alkyl/hydroperoxide complexes, 

and high valent [CuO]+/[CuOH]2+ species.

2.1. 1:1 Cu:O2 Complexes

Complexes comprising a copper ion bound to an O2
n− unit (n = 1 or 2) model the initial 

adduct formed upon reaction of Cu(I) biosites with O2 (Figure 4). Such complexes have 

been prepared by exposure of solutions of Cu(I) complexes to dioxygen or by reaction of a 

superoxide salt with a Cu(II) precursor, with both types of procedures typically performed at 

low temperatures in organic solvent. The complexes vary with respect to the way in which 

the O2
n− unit binds (end-on, η1, versus side-on, η2) and the degree of electron transfer from 

the copper ion to the O2 moiety, with (superoxo)copper(II) and (peroxo)copper(III) 

representing the two extreme formulations. In many cases, the 1:1 Cu:O2 complexes are 

observed only as transient intermediates that convert to or interconvert rapidly with dicopper 

species (section 3). Key research goals have been to elucidate how supporting ligands 

influence the structural attributes of the 1:1 Cu:O2 adducts and to understand structure/

reactivity correlations (See Note Added in Proof).123,124
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2.1.1. Structures and Properties—Prior to 2004, only three examples of isolable 1:1 

Cu:O2 complexes had been described, with two having been characterized by X-ray 

crystallography (1a and 3b, Figure 5). Compounds 1, 3, and 4 exhibit side-on (η2) binding 

of the O2
n− fragment. Subsequently, the first X-ray crystal structure of an end-on (η1) 

(superoxo)copper(II) complex was reported (2),125,126 and a number of other 1:1 Cu:O2 

complexes have been described.54,61,123,126–143 The properties of the 1:1 Cu:O2 adducts that 

have been isolated to date are summarized in Tables 1 and 2 (with several reported earlier 

than 2004 included for purposes of comparison and discussion).144–151

With few exceptions, the adducts share an intense UV–vis feature ~400 nm (ε ~103 M−1cm
−1), the irradiation into which results in enhancement of ν(O–O) and ν(Cu–O) in Raman 

spectra. Thus, it is assigned as an O2
n− → Cu ligand to metal charge transfer (LMCT) 

transition. The ν(O–O) and ν(Cu– O) fall in the range of 950–1200 cm−1 and 430–560 cm
−1, respectively. In general, the complexes assigned as having endon (η1) coordination 

exhibit ν(O–O) > ~1100 cm−1 commonly associated with superoxide, which also holds for 

the side-on (η2) complexes supported by the L39 ligands (R = tBu or Ad). The low values 

<1000 cm−1 for the other η2 complexes implicate a significantly reduced O–O bond order, 

but these values are higher than typically observed for metal-peroxides (~800–850 cm−1).123 

The available measured (X-ray crystallography) and calculated O–O bond distances (Table 

2) are consistent with the ν(O–O) differences (higher ν(O–O) = shorter O–O distance).

These and other findings suggest that the degree of electron transfer upon binding of O2 

varies, which can be understood within the context of two extreme resonance structure 

formulations, Cu(II)-O2
−• versus Cu(III)-O2

2−. Evaluation of the electronic structures of 

several of the adducts (particularly the structurally defined complexes 1–4) has incorporated 

results from application of Badger’s rule (ν(O–O)/O–O distance relationship), spectroscopy, 

the oxygen equilibrium isotope effect for O2 binding, and theory.123,138,152,153 From these 

studies, a bonding picture has evolved of a continuum between the extreme resonance 

structures with the position on the continuum being determined by the electron-donating 

power and denticity of the supporting ligands. For example, Badger’s rule plots of O–O 

distance versus 1/ν2/3 showed good correlations for experimental and calculated data for 

compounds with a variety of metals and O2
n− binding modes, with the only exceptions being 

a few cases where librational motion led to underestimation of the O–O bond distance 

determined by X-ray crystallography (including for 1).123,154 The spread of data across O–O 

between ~1.28–1.39 Å is consistent with O2
n− assignments having both integer and 

noninteger values of n between ~1–2 (i.e., continuum of values).

Complex 2 represents a paradigm for compounds formulated as η1-Cu(II)-O2
−• species. 

NMR132 and variable-temperature variable-field MCD data133 indicated that 2 has a triplet 

(S = 1) ground state, as determined similarly for the η1-Cu(II)-O2
−• species supported by the 

tren ligand L42b.135 The data for 2 were analyzed and interpreted using DFT calculations, 

leading to a description involving two singly occupied orthogonal orbitals, one nonbonding 

orbital localized on the O2
n− moiety (π*v) and the other an antibonding orbital with similar 

Cu and O character (dz
2, Figure 6).133 In accordance with TD-DFT calculations, the LMCT 

band corresponds to the transition from the highest occupied π*σ to the dz
2 orbital. More 

accurate quantum chemical calculations using completely renormalized coupled-cluster 
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theory or multiconfigurational methods led to further understanding of the biradical and 

multideterminental nature of the η1-Cu(II)-O2
−• moiety and a somewhat different orbital 

description.143 An 18O equilibrium isotope effect of 1.0148 was measured and noted to be 

larger than those reported for other η1-O2
n− adducts in hemes and cobalt compounds 

(1.0041–1.0066).155,156 The results were interpreted to be consistent with weak covalency in 

the Cu(II)-O2
−• interaction and increased ionic character in the valence bond description.132

Intriguing perturbations to the properties of 2, as well as its reactivity (section 2.1.2), were 

found upon reaction with CF3CO2H.134 The formation of a 1:1 adduct 2·CF3CO2H was 

reflected by a 62 nm (3655 cm−1) blue shift of the LMCT transition that was reversed by 

addition of base. The adduct exhibits a ν(O–O) ~30 cm−1 higher than 2, which was 

unchanged when CF3CO2D was used. NMR and XAS data indicated similar triplet ground 

states and coordination geometries in 2 and 2·CF3CO2H. Together, the experimental data 

and accompanying DFT calculations supported the structure for the adduct shown in Figure 

7. To rationalize the finding from DFT calculations that H-bonding to the distal oxygen in 

this model lengthens the O–O bond and lowers ν(O–O) (opposite of experiment), it was 

proposed that the observed properties of the adduct arose from “the electrostatic interaction 

with the dipole of CF3CO2H and not a change in orbital covalency imparted by the hydrogen 

bond.”134

The influences of hydrogen bonding on the properties of the η1-Cu(II)-O2
−• unit have also 

been explored in complexes comprising the tris(pyridylmethyl)amine (L41a) ligand frame. 

While an earlier reported X-ray structure157 purporting to identify intramolecular hydrogen 

bonding to the [CuO2]+ unit in a complex of L41l was found to be in error,158 complex 5 
(Figure 7) was conclusively identified on the basis of UV–vis and resonance Raman 

spectroscopy.130 Values of 1130 and 482 cm−1 for ν(O–O) and ν(Cu–O), respectively, that 

are greater than observed in other complexes of L41a derivatives were interpreted using 

DFT calculations to indicate hydrogen bonding to both the proximal and distal oxygen 

atoms of the bound superoxide ligand. Importantly, these interactions stabilize the complex 

sufficiently to enable spectroscopic characterization and reactivity studies (section 2.1.2).

Another η1-Cu(II)-O2
−• species with atypical properties is [K(18-crown-6)][(L28a)CuO2] 

(6).128 While exhibiting a ν(O–O) of 1104 cm−1 consistent with other η1 superoxides, the 

LMCT absorption feature (assigned by TD-DFT calculations) was at 627 nm, a significantly 

longer wavelength than all other examples (Table 1). It is likely that the anionic nature of the 

complex that is reflected in nucleophilic, rather than the typical electrophilic, reactivity of 

the superoxide moiety (section 2.1.2) underlies the low energy of its LMCT band.

Low ν(O–O) values of 964 and 1033 cm−1 were observed for [CuII(L75)(O2
−•) (NEt3)]146 

and the adduct supported by L33,131 respectively, both of which were postulated to feature 

η1 binding of their superoxide ligands. Reasons for these disparities from the norm are 

unclear, although the similarity of ν(O–O) of [CuII(L75)(O2
−•) (NEt3)] to those associated 

with some η2 complexes could indicate that its assignment as an η1 complex may be 

incorrect.
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Turning next to the smaller set of complexes that exhibit η2-coordination of the O2
n− unit, it 

is here that ligand structural differences have been shown to most significantly influence the 

degree of charge transfer from the copper ion to the bound O2
n− unit. These effects have 

been most clearly defined in comparisons between 1 versus 3 and 4.123,138,151 All three have 

singlet ground states, but clear differences in their ν(O–O) values (Table 1) and Cu K- and 

L-edge XAS data support a Cu(II)-O2
−• formulation for 1 but significant Cu(III)-O2

2− 

character for 3 and 4 along with a high degree of covalency in the metal–ligand bonding.138 

These data and accompanying theoretical calculations show that the more strongly electron-

donating L2 and L3 ligands in 3 and 4 play a key role in stabilizing the higher metal 

oxidation state. Indeed, decreasing the electron donation of L2d by replacement of the 

backbone methyl groups with CF3 units (L2g) prevents formation of a 1:1 Cu:O2 adduct.139 

Other theoretical studies have examined in detail the continuum on which 1, 3, and 4 reside 

and confirm that the more strongly electron-donating ligands stabilize the singlet with 

Cu(III)-O2
2− character.143,153

A unique example of a complex proposed to contain η2-Cu(II)-O2
−• with a triplet ground 

state was recently reported using the supporting ligand L71.159 The assignment was based 

on UV–vis spectroscopy, the observation of paramagnetically broadened resonances in NMR 

spectra, and DFT calculations. In the absence of more definitive structural data from 

additional experiments (i.e., resonance Raman, X-ray crystallography, and EXAFS), 

however, the formulation of this complex must be regarded as tentative.

2.1.2. Reactivity—We focus on two aspects of reactivity: the process by which 1:1 Cu:O2 

adducts form and their subsequent reactions. The kinetics and thermodynamics of the 

oxygenation of Cu(I) complexes supported by N-donor ligands described extensively in the 

previous review have been augmented by more recent work132,144,160–164 (Tables 3 and 4, 

which include previously published data for the systems supported by L41a and L42a).

Intriguing variations in kinetic and thermodynamic parameters for oxygenation reactions 

point to differences in reaction mechanisms for formation of 1:1 Cu:O2 adducts. In a 

detailed comparison using a “flash and trap” method (irradiation of Cu(I)-CO complexes in 

the presence of O2) of the systems supported by L40a, L41a, and L43c that feature identical 

bis(pyridylmethyl)amine units linked to variable fourth donors, positive ΔS‡
on values for 

L40a and L43c contrasted with a negative ΔS‡
on value for L41a (all in the same solvent, 

THF).161 These data were interpreted to indicate divergent dissociative interchange or 

associative mechanisms, respectively, but with the difference not being due to the order of 

solvent or O2 binding or loss. Instead, it was hypothesized that O2 binding occurs initially in 

both cases but with differences in whether electron transfer from Cu(I) to O2 (to yield 

Cu(II)-O2
−• species) occurs before or after solvent dissociation. An interesting parallel was 

drawn between this notion and the postulated formation of a pre-equilibrium 1:1 Cu:O2 

adduct prior to O2 release upon reaction of O2
−• with Cu(II) complexes of L41a and L45 

examined by stopped-flow kinetics and competitive 18O isotope effects.165

The kinetics and thermodynamics of O2 binding to the Cu(I) complexes of L41a, L41d, and 

L44 were compared using a direct photolysis method (photoejection of O2 from 1:1 Cu:O2 

adducts followed by monitoring of rebinding).160 The L41d and L44 systems exhibited 
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similar ΔH‡
on values, but the ΔS‡

on value for the former is more negative. These findings 

were interpreted to indicate that the Ocarbonyl interaction is weak in the Cu(I) complex of 

L41d, with a more ordered transition state for this system due to simultaneous Ocarbonyl and 

O2 coordination. A large negative ΔS‡
on value was also measured for the system supported 

by L36, which was suggested to indicate an associative mechanism involving a highly 

ordered/restricted transition state.162

The mechanism by which O2 reacts with Cu(I) complexes supported by β-diketiminate 

derivatives (L2d and L2e) was elucidated through a combination of theory and low 

temperature stopped flow kinetics experiments.151 A dual pathway mechanism was 

proposed for the reaction that yields complex 3a (Figure 8) on the basis of the results of low-

temperature stopped-flow kinetics experiments (in THF solvent) and DFT calculations. The 

observation of a two-term rate law (eq 1) was interpreted to indicate operation of both 

pathways A and B, wherein A involves direct rate-determining reaction of O2 with the Cu(I) 

complex and B is a dissociative route, involving rate-determining solvolysis prior to rapid 

reaction with O2. Pathway B is rendered effectively inoperative in the presence of excess 

nitrile, and the presence of bound nitrile in pathway A was confirmed by observation of 

decreases in rate as a function of para-substituent when para-X-benzonitriles (X = CH3O, 

CH3, H, F, Cl, and CN) were used (Hammett ρ = −0.34). Both routes operate in the absence 

of added nitrile, as indicated from plots of kobs versus [O2] that were linear but with nonzero 

intercepts (kobs = kA[O2] + kB). DFT calculations corroborated this dual pathway model and 

provided details of the reaction trajectories and structures of transition states and 

intermediates.

rate = kA[(L2)Cu(CH3CN)][O2] + kB[(L2)Cu(CH3CN)] (1)

Finally, with respect to the overall thermodynamics of O2 binding (Table 4), the order of 

binding strength is tris(2-(dimethylamino)ethyl)amine (L42a) > tris(2-pyridylmethyl)-amine 

derivatives (L40a ~ L41a ~ L43c) > tris-((tetramethylguanidino)(2-aminoethyl))amine 

(L44) > 1-isopropyl-5-(2-(2-pyridyl)ethyl)-1,5-diazacyclooctane (L36). The experimental 

ΔH° and ΔS° values were negative for all complexes, with the exception of ΔS° for the 

complex supported by L36, as expected for a spontaneous O2 binding reaction where Keq > 

1 for all complexes.

Commonly, 1:1 Cu:O2 adducts can react with an additional equivalent of Cu(I) to generate a 

2:1 Cu:O2 species (section 3). Indeed, prevention of this process has been key for the 

isolation and full characterization of 1:1 Cu:O2 adducts such as 1–4, with ligand steric 

encumbrance being a critical controlling factor. For example, the isolation of 3 and 4 stands 

in contrast to the formation of bis(μ-oxo)dicopper complexes when Cu(I) complexes of less 

hindered L2 ligands were used, with both ortho-aryl substituents and backbone groups being 

impactful (cf. L2f, L74).149,166 The tendency to react with an additional Cu(I) species was 

used purposefully to help characterize the 1:1 Cu:O2 adduct 6 (Figure 9).128 Treatment of 6, 

prepared by reaction of a Cu(II) precursor with KO2, with [(L41a)Cu(I)]OTf cleanly yielded 
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the (trans-1,2-peroxo)dicopper complex 7, which was readily identified by its diagnostic 

UV–vis and resonance Raman features (section 3.2).

A hemilabile thioether ligand group enabled controlled isolation of a 1:1 Cu:O2 adduct and 

subsequent conversion to a bis(μ-oxo)dicopper complex.141 Oxygenation of the Cu(I) 

complex of L74 (X = Me, Ph) yielded a side-on η2 adduct (8), the properties of which were 

consistent with minimal interaction with the thioether group and significant Cu(III)-O2
2− 

character, just like 3 and 4 (Figure 10). Unlike 3 and 4, however, the binding of O2 was 

reversible, and upon vigorous purging with Ar, a bis(μ-oxo)dicopper complex (9) formed. It 

was concluded on the basis of the observations, as well as DFT calculations, that the O2 

binding equilibrium involves slow dissociation of O2 (koff) and a large equilibrium constant 

(Keq).141 The trapping of η2 metal-peroxo complexes was also used to prepare 

heterobimetallic bis(μ-oxo) complexes comprising CuNi and CuPd pairs,167 and an 

analogous bis(μ-oxo) complex with a CuGe pair was prepared by oxygenation of a Cu(I)–

Ge(II) complex (section 3.1.4).168

In general, the η2 complexes with Cu(III)-O2
2− character epitomized by complexes 3 and 4 

are poor oxidants and do not react with H atom donors like phenols or O atom acceptors like 

PPh3 (which simply displaces O2 from 3a to yield a Cu(I)-PPh3 complex). Computational 

studies show that the poor oxidizing ability of these complexes may be traced to the strong 

electrondonating character of their supporting ligands that render reduction and protonation 

difficult.123,169 Still, reaction of 3a with [Cu(CH3CN)4]OTf in the presence of 3,5-

diphenylpyrazole (pz) resulted in an unusual hydroxylation/oxidation of a ligand aryl ring 

(Figure 11).170 The product was formulated on the basis of X-ray crystallography as a 

Cu(II)-semiquinone complex, arising from attack of some copper–oxygen intermediate 

(unidentified) at a ligand aryl ring and an NIH shift of one of the isopropyl groups.171 The 

hydroxylation resembles one reported previously upon oxygenation of a fluorinated β-

diketiminate Cu(I) complex, for which the nature of copper–oxygen intermediates was not 

determined.172

In view of the proposals that a Cu(II)-O2
−• species is responsible for attacking a substrate C–

H bond in the enzymes PHM, DβM,58 and LPMO,47 relevant reactivity of complexes with 

this unit have come under scrutiny. The putative η2-Cu(II)-O2
−• complex supported by L71 

converts 9,10-dihydroanthracene to anthracene, ultimately yielding a bis(μ-hydroxo)-

dicopper(II) product via the presumed intermediacy of a [CuOOH]+ complex.159 Several η1-

Cu(II)-O2
−• complexes exhibited promising reactions with C– H bonds.130,131,137,162,173 

Although unreactive with typical substrates with weak C–H bonds like 9,10-

dihydroanthracene, xanthene, or 10-methyl-9,10-dihydroacridine, the η1-Cu(II)-O2
−• 

complex 5 (Figure 7) was shown to oxidize BNAH (1-benzyl-1,4-dihydronicotinamide) or 

BzImH (1,3-dimethyl-2,3-dihydrobenzimidazole) at −125 °C in MeTHF, yielding BNA+ or 

BzIm as well as a (1,2-trans-peroxo)dicopper complex (Figure 12).130 In addition, kinetic 

data revealed a significant KIE (12.1) when BNAD was used, with the overall reaction 

occurring twice as fast with BNAH than with BzImH. These data were interpreted to 

indicate that the reactions involve initial HAT (homolytic C–H bond cleavage) given that 

BNAH is a better hydrogen atom donor than BzImH.130
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The η1-Cu(II)-O2
−• complex 10 supported by L33c decomposes to yield a Cu(II)-alkoxide 

resulting from intramolecular hydroxylation of a benzylic C–H bond (Figure 13).131,162 The 

reaction followed first-order kinetics with a KIE of 4.1 at −65 °C, activation parameters 

consistent with an intramolecular process (ΔH‡ = 4.54 ± 0.02 kcal mol−1, ΔS‡ = −53 ± 0.1 

cal K−1 mol−1), and a Hammett ρ of −0.63 were interpreted to support HAT. On the basis of 

results from DFT calculations, a pathway involving HAT to yield a [CuOOH]+ intermediate 

that then “rebounds” its proximal O atom via transition state 11 was favored relative to an 

alternative distal oxygen transfer.162 In further studies of the reactivity of 10,174 monitoring 

its decay in the presence of 1-electron reductants enabled estimation of its oxidation 

potential to be 0.19 ± 0.07 V versus SCE (acetone, 25 °C). In addition, HAT from TEMPOH 

was observed, but reactions with phenols yielded Cu(II)-phenolate complexes via proton 

transfer. With para-substituted triaryl phosphines [P(ArY)3; Y = OCH3, H, F, Cl], O atom 

transfer was observed with a large Hammett ρ of −4.3 indicative of attack by a strong 

electrophile (either the superoxide in 10 or a derived [CuO]+ species, for which no evidence 

was available).174

In a comparison of the reactivity of the η1-Cu(II)-O2
−• complexes supported by L41b and 

the mixed N/thioether S donor ligand L68, respectively, reaction of the latter at −135 °C in 

4:1 MeTHF:CF3CH2OH with N-methyl-9,10-dihydroacridine or 2,6-di-tert-butyl-4-

methoxyphenol yielded 10-methyl-9-acridone or 2,6-di-tert-butyl-1,4-benzoquinone, 

respectively. These products were not observed with the complex supported by L41b.137 It 

was concluded that the thioether ligation in the complex of L68, which models that found in 

the enzymes PHM and DβM, enhances the oxidizing power of the coordinated superoxide 

ligand, supporting a similar role for the methionine ligand in the biological systems.

Augmenting the examples noted above of η1-Cu(II)-O2
−• complexes performing HAT from 

weak O–H bonds are a number of other explorations of similar reactions. Complexes 

supported by electron-donating TMPA derivatives, L41b and L41c, and L44 react rapidly 

with phenols and mechanistic studies have provided key insights.127,136,175 The Cu(II)-O2
−• 

complexes supported by L41b and L44 convert para-MeO-2,6-di-tert-butylphenol to a 

mixture of the corresponding quinone, hydroperoxide, and radical (in boxes, Figure 14); 

only quinones are formed from 2,6-di-tert-butylphenol and 2,4,6-tri-tertbutylphenol. 136,175 

For the case of L44, an alkoxide complex arising from intramolecular hydroxylation of a 

ligand methyl group is observed, which was proposed to result from reaction of the 

[CuOOH]+ species derived from initial HAT from the weak phenol (or TEMPOH) O–H 

bond (this reaction is discussed in section 2.2).175 In a detailed study of the L41c system 

with a range of phenols,127 two pathways were identified, a 2-electron oxidation of para-

X-2,6-di-tert-butylphenols to the quinone and a 4-electron oxidation of 2,4,6-trialkyl-

substituted phenols to the quinone, presumably via loss of alkene. On the basis of kinetic 

data, a common mechanism involving initial HAT to yield a phenoxyl radical was proposed, 

with an additional reaction of the radical with another equivalent of the Cu(II)-O2
−• complex 

yielding intermediate 12 at low temperature (Figure 14). For X = alkoxy (illustrated for 

methoxy), subsequent hydrolysis yields the product quinone, whereas for X = alkyl 

(illustrated for tert-butyl), alkene loss is the major route toward the quinone product, both of 

which occur upon warming/workup.127
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In contrast to the above examples, the reactions of η1-Cu(II)-O2
−• complexes supported by 

L28a and L42b do not readily abstract H atoms from phenols.129,128 The low observed 

reactivity of the L42b complex with hydroxylamine and phenols (in acetone at −90 °C) was 

ascribed to poor access of substrate due to the hydrophobic steric encumbrance of the 

supporting ligand.129 For the complex supported by L28a, reaction with alkyl-substituted 

phenols was not observed, while deprotonation of nitrophenol was observed, consistent with 

the nucleophilic/basic character of the anionic complex.128

Finally, we note that 1:1 Cu:O2 adducts have been proposed as intermediates in catalytic 

reductions of O2 to H2O2 or H2O.176–178 For example, in a study of the influence of added 

cations on 2-versus 4-electron reductions of O2, the η1-Cu(II)-O2
−• complexes supported by 

L41a or L35a were postulated to be reduced by Fc* or Me2Fc, respectively, in the presence 

of Sc3+ to yield a Cu(II) intermediate and ScO2
+, thus driving the reaction to yield peroxide 

instead of water.176

2.2. [CuOOR]+ Complexes

The [CuOOR]+ unit has been suggested as a key intermediate in catalytic oxidations by O2 

or ROOH (R = H, alkyl, or acyl). In the following subsections, we discuss the syntheses and 

mechanisms of the formation of [CuOOR]+ species, their properties, and their reactivity.

2.2.1. Syntheses and Mechanism(s) of Formation—The (hydroperoxo)copper(II) 

unit proposed to be an active oxidant in enzymes may be accessed by the routes outlined in 

Figure 15. One path involves a 1:1 Cu:O2 adduct reacting with a proton and an electron, 

either via separate steps or through PCET or hydrogen atom transfer from substrate.175 This 

route directly models the way the [CuOOH]+ moiety is thought to be generated in biology. 

Alternative syntheses to [CuOOR]+ (R = H, alkyl, or acyl) involve treatment of copper(I) or 

copper(II) precursors with H2O2 or ROOH either in the presence or absence of base.179–194 

The following examples are illustrative and include the few cases where mechanisms have 

been examined experimentally.

The formation of a [CuOOH]+ intermediate via the PCET pathway shown in Figure 15 was 

implicated in mechanistic studies of the 2-electron reduction of O2 to H2O2 by ferrocene 

(Fc) or 1,1′-dimethylferrocene (Me2Fc) by [(L45)Cu]2+ in the presence of HClO4 in 

acetone.195 In this study encompassing detailed kinetic experiments, the rate of formation of 

the intermediate [(L45)CuOOH]+ was found to be temperature-independent, which was 

rationalized by postulating that the negative ΔH for the binding of O2 to [(L45)Cu]+ (formed 

rapidly by reduction of the Cu(II) precursor by Fc or Me2Fc) is approximately the same as 

ΔH‡ for the rate-determining PCET reaction of the 1:1 Cu:O2 adduct; this equivalence 

explains the observed activationless conversion. It is noteworthy that a closely related 

system, [(L41a)Cu]2+, with one less –CH2– in the ligand backbone, exhibits quite different 

behavior, such that 1-electron reduction to the Cu(I) form is rate-determining, binuclear 2:1 

Cu:O2 intermediates are involved (section 3), and O2 undergoes 4-electron reduction to 

H2O.178

In another study, kinetics experiments and DFT calculations were used to monitor the 

reaction of H2O2 in the presence of NEt3 with Cu(II)-solvato (S) complexes of the tridentate 
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ligands L35b and L35c.179 Saturation kinetics were observed and interpreted to indicate 

rapid equilibrium formation of HOO−Et3NH+ (K), which then formed an initial [CuOOH]+ 

complex (k1, Figure 16). Conversion of this initial complex to a second [CuOOH]+ species 

with the hydroperoxide now in the equatorial position was proposed. An alternative 

hypothesis also consistent with the kinetic data involves loss of a proton and conversion of 

the –OOH ligand to a η2-peroxide. However, DFT calculations do not support this 

alternative hypothesis. This work complements a previous study using less sterically 

encumbered L38a in which analogous saturation kinetics were observed and similarly 

interpreted, but characterization of the [CuOOH]+ product(s) was hindered by subsequent 

formation of (μ-η2:η2-peroxo)dicopper(II) species.196

Another unusual route to a [CuOOH]+ complex was proposed that involves reaction of a 

Cu(I) complex with H2O2 in the absence of added base.188 Specifically, reaction of a Cu(I) 

complex supported by the ligand L41h with 1.5 equiv of H2O2 at −90 °C in acetone yielded 

1 equiv. H2O and [(L41h)CuOOH]+, which is stabilized by intramolecular hydrogen 

bonding. To rationalize this result, and in particular the observed stoichiometry, a Fenton-

like reaction to yield a copper-oxyl, [CuO]+ (section 2.3), was proposed (Figure 17). It was 

suggested that this species is then trapped by the Cu(I) precursor to yield a (μ-

oxo)dicopper(II) complex, which reacts with H2O2 to yield the [CuOOH]+ product. An 

alternative pathway was also considered, whereby reaction of the Cu(I) complex with H2O2 

yields hydroxyl radical and a (hydroxo)-copper(II) complex, which then affords the peroxo 

product upon reaction with H2O2.

A unique route to an alkylperoxide complex was reported involving reaction of copper(II) 

complexes of ligands L18 with H2O2 in acetone (Figure 18).180,184 An acetone molecule is 

functionalized to yield the novel species 13, the characterization of which is described below 

(section 2.2.2). The 2-hydroxy-2-peroxypropane ligand was formed in an analogous way 

upon reaction of an iron(II) complex with H2O2 in acetone.197 When the reactions of the 

copper(II) complexes of L18 with H2O2 or cumene hydroperoxide185 were performed in 

nitrile solvents, simple [CuOOR]+ (R = H or cumyl) complexes formed instead, highlighting 

a drastic solvent effect on the course of the synthesis.

The reaction of cumene hydroperoxide with a Cu(I) precursor supported by the highly 

sterically hindered ligand L42c results in the generation of a complex (18) with a [CuOOR]+ 

moiety and an anilino radical ligand (Figure 19).194 A mechanism for formation of this 

unusual product was proposed involving initial generation of a [CuIOOR] complex featuring 

a protonated aniline arm (15) and hydrogen bonding from an N–H to the bound peroxide. 

Heterolytic O–O bond scission and release of ROH would generate the copper(II)-hydroxide 

(17), either stepwise via a copper-oxyl intermediate (16) that then undergoes H atom 

tautomerization or in concerted fashion. Substitution of the hydroxide in 17 by cumene 

hydroperoxide would yield the final product (18).

2.2.2. Structures and Properties—Only two complexes with the [CuOOR]+ unit have 

been characterized by X-ray crystallography; their structures are drawn in Figure 20.198,199 

The X-ray structures shown in Figure 20 show similar η1 coordination of the hydro- and 

alkylperoxo ligands, respectively, and identical O–O distances of 1.460(6) Å consistent with 
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a peroxide formulation.37,199 A key difference is the presence of two hydrogen-bonding 

interactions in the L41e complex (19) from the amide substituent N–H groups to the 

proximal oxygen of the peroxide. As noted below (section 2.2.3), these interactions 

influence the properties and reactivity of the [CuOOH]+ unit.

Other [CuOOR]+ complexes have been identified and characterized via a multitude of 

spectroscopic techniques (Table 5).175,179–195,200–210 Notably, these complexes show a 

diagnostic UV–vis feature at ~350 nm assigned as a peroxide→ Cu(II) ligand-to-metal 

charge transfer (LMCT) transition. In general, this absorption is observed at higher energy 

and intensity for R = H than for R = alkyl. Excitation into the LMCT band with resonance 

Raman spectroscopy allows for observation of O-isotope sensitive Cu–O and O–O 

vibrations. Typically, values of ν(Cu–O) ~550 cm−1 and ν(O–O) ~850 cm−1 are observed, 

with additional vibrational modes observed for [CuOOR]+ (R = alkyl), including C–C–C 

and O–C–C stretches. These complexes typically exhibit EPR signals characteristic for 

Cu(II) sites (data not shown).

An illustrative example is the identification of complex 18 as a [CuOOR]+ species with a 

bound anilino radical that is based on (a) UV–vis and resonance Raman data typical for the 

[CuOOR]+ moiety and (b) the observation of ligand vibrations associated with the anilino 

radical in resonance Raman spectra.194 These assignments were confirmed through 

comparison to spectra obtained using ligand deuteration on the anilino rings and DFT 

calculations. The complex is EPR silent, consistent with antiferromagnetic coupling between 

the radical and the Cu(II) ion.

2.2.3. Reactivity—Variability in the reactivity of [CuOOR]+ complexes has been 

observed, with some being stable only at low temperature and prone to decomposition upon 

warming and/or reactions with exogenous substrates and others being quite robust and 

unreactive. In addition, the reaction pathways are sensitive to the nature of the supporting 

ligand and the solvent.

Examples of stable, relatively unreactive [CuOOR]+ complexes include those supported by 

the ligands L35b–c,179 L42a (R = H or Cm),190 L19 (R = H),183 and L41e (R = H).198 DFT 

calculations aimed at evaluating the reactivity of [(L19)-CuOOH]+ for epoxidation of 

ethylene revealed a high reaction barrier for O–O bond homolysis consistent with 

experimental observations (i.e., 40.2 kcal/mol for O–O bond homolysis).183 The stability of 

the L41e complex 19 (Figure 20 and Figure 21) was attributed to a combination of hydrogen 

bonds from the amido NH groups to the proximal O atom of the bound hydroperoxo ligand 

and steric shielding by the tert-butyl substituents.198,211 From a comparative survey of the 

properties of [CuOOH]+ complexes supported by a series of L41 derivatives with differing 

hydrogen bonding capabilities and steric influences, it was concluded that hydrogen bonding 

to the proximal oxygen is correlated with a lower energy peroxo → Cu(II) LMCT 

transition, higher ν(O–O), lower ν(Cu–O), and slower rates of decomposition. These results 

are consistent with the hydrogen bond interaction causing a weakening of the Cu– O bond 

and a strengthening of the O–O bond that is broken in the decomposition process.37 

Conversely, a [CuOOH]+ complex supported by L43a (21, Figure 21) was proposed to 
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feature hydrogen bonding to the distal O atom, and it was found to decompose faster than an 

analog supported by L43b (22) that lacked this distal interaction (Figure 21).37,207

Hydrogen bonding from a secondary amine group to the proximal O atom in a [CuOOH]+ 

complex of L41h (23, Figure 22) also inhibits N-dealkylation reactions (see below) as well 

as reactions with exogenous substrates.188 Interestingly, this complex forms a (trans-1,2-

peroxo)dicopper(II) species upon warming (Figure 22). In addition, it yields 1 equiv. H2O2 

upon treatment with HClO4, a reaction that can be reversed by subsequent addition of Et3N 

over multiple cycles. Hydrogen bonding was also postulated to stabilize a [CuOOH]+ 

complex of L70b, here involving the hydroperoxo O–H interacting with a ligand phenoxide 

O atom.193 This complex was proposed to be an intermediate in the catalytic oxidations of 

cyclohexane and toluene by H2O2 in the presence of HNO3.

Intramolecular hydroxylation of supporting ligand aryl groups was observed upon decay of 

several [CuOOR]+ complexes. 180,181,184 Warming of the [CuOOH]+ complex 24 supported 

by L41f in acetone from −80 °C to room temperature followed by aqueous workup yielded 

the phenol shown in Figure 23a, which was labeled with 18O when H2
18O2 was used.181 The 

involvement of a bis(μ-oxo)dicopper species was ruled out by independent synthesis of such 

a species from a Cu(I) complex of L41f and O2 and determination that it did not yield 

hydroxylated ligand. Mechanisms involving either direct attack at the aryl group of the 

hydroperoxo moiety or O–O bond homolysis to yield a reactive copper-oxyl were proposed.

Intramolecular aryl group hydroxylation was also observed upon warming of the 2-

hydroxy-2-peroxypropane complex 13 (Figures 18 and 23b).180,184 The final product was 

the phenoxide complex 26 (Figure 23b), which was isolated and characterized by X-ray 

crystallography.180 The reaction followed first-order kinetics to yield an intermediate 25, 

and studies of the series with X = NO2, Cl, H, Me, OMe gave a Hammett ρ = −2.2 consistent 

with electrophilic attack at the aryl group. The KIE for the perdeuterated aryl analog was 

negligible (0.9 ± 0.02). The structure of 25 shown in Figure 23b was proposed on the basis 

of the combined experimental data and DFT calculations, and the indicated mechanism 

involving general acid–base catalysis by HNEt3+ and its conjugate (used in the synthesis of 

13) was suggested. The analog of 13 lacking the aryl substituents (i.e., complex supported 

by L18a) decomposed to yield a Cu(II)-acetate complex, in which one of the O atoms in the 

acetate ligand was shown to derive from H2O2 (determined from isotopic labeling). A 

mechanism was proposed on the basis of DFT calculations involving tautomerization of the 

2-hydroxy-2-peroxypropane ligand, a Baeyer–Villiger-type 1,2-methyl shift, and hydrolysis 

of the resulting ester complex (Figure 24).184

The [CuOOR]+ unit has also been implicated as an oxidant of pendant N-alkyl amine 

groups,175,182,186,187,189 including N-dealkylations that model the function of PHM.41 In 

one set of studies,182,186,189 the warming and subsequent demetalation of [CuOOH]+ 

complexes supported by L41g and L41i–k yielded unperturbed ligand, mono-N-dealkylated 

ligand, and the respective aldehyde as predominant products (>40% yield each), with 

smaller amounts of overoxidized coproducts (Figure 25). An intermediate copper(II)-

alkoxide complex 28 was identified by ESI-MS,182,186 the O atom of which derived from the 

H2O2 used to prepare the [CuOOH]+ unit according to the results of isotope labeling 
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experiments. Initial mechanistic hypotheses invoked O–O bond homolysis of the [CuOOH]+ 

complex to yield a reactive [CuO]+ species that cleaves the weak C–H bond adjacent to the 

amine N atom to yield an iminium radical cation. Subsequent “rebound” would yield the 

alkoxide intermediate, which upon aqueous workup decomposes to the N-dealkylated amine 

and the aldehyde. Indirect support for the initial O–O bond homolysis route included the 

observations that (a) N-dealkylation did not occur to the same extent when bis(μ-

oxo)dicopper species of the same ligands were examined (ruling out such species as 

potential intermediates) and (b) the same alkoxide intermediate 28 was observed upon 

treatment of Cu(I) precursors of the intact ligand with PhIO. In addition, ESI-MS evidence 

consistent with the [CuO]+ intermediate was obtained.

A similar pathway was proposed to rationalize the formation of the copper(II)-alkoxide 30 
upon reaction of the 1:1 Cu:O2 adduct 2 with phenols or TEMPOH (Figure 26).175 In these 

reactions, the 1:1 Cu:O2 adduct abstracts an H atom from the phenol or TEMPOH to 

generate a [CuOOH]+ complex 29, that then was proposed to undergo the O–O bond 

homolysis process. Supporting evidence included observation of the same alkoxide complex 

30 upon treatment of a Cu(II) precursor with H2O2 (consistent with a [CuOOH]+ 

intermediate) or reaction of a Cu(I) precursor with PhIO (consistent with a copper-oxyl 

intermediate). A DFT study proposed a 15 kcal/mol barrier for abstraction of the H atom of 

the methyl group of the amine by the distal O atom of the [CuOOH]+ complex, with 

concomitant O–O bond scission.212

These mechanistic hypotheses for N-dealkylation reactions of [CuOOH]+ complexes have 

been called into question in more recent work.189 In a detailed mechanistic investigation of 

the system (27, Figure 25), with R = para-X-phenyl (X = Cl, H, and OMe), DFT calculations 

revealed high-energy barriers (27–34 kcal/mol) inconsistent with measured reaction rates for 

mechanisms involving (a) direct HAT by the distal oxygen (like that proposed for 2), (b) 

prior O–O bond homolysis to yield a copper-oxyl, or (c) a pathway involving concerted Cu–

O bond homolysis and HAT (to give Cu(I) and H2O2). Upon deuteration of the ligand, no 

KIE was observed, further arguing against the direct HAT pathway. Instead, a mechanism 

involving Cu–O bond homolysis to yield Cu(I) and the hydroperoxyl radical was proposed, 

which was found to have a reasonably low barrier of 14.8 kcal/mol (Figure 27). Subsequent 

Fenton-like chemistry involving reaction of the Cu(I) complex with H2O2 was suggested to 

yield a Cu(II)-hydroxide and hydroxyl radical. HAT by this radical followed by “rebound” 

from the Cu(II)-hydroxide would afford the requisite carbinolamine that undergoes N-

dealkylation.

Evidence in favor of O–O bond homolysis in a [CuOOR]+ (R = C(Me)2Ph) complex was 

observed in 31 (Figure 28).185 Decomposition yielded a bis(hydroxo)dicopper(II) complex 

and acetophenone. Oxidation of exogenous substrates 10-methyl-9,10-dihydroacridine or 

1,4-cyclohexadiene was observed, with a large KIE of 19.2 at −40 °C for the 9,9-

dideuterated derivative of the former indicating rate-determining C–H(D) attack. In the 

presence of the radical trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), hydroxylation to 

yield a complex assigned as 32 occurred. Acetophenone was a coproduct in all of the 

reactions. A stepwise mechanism involving rapid pre-equilibrium formation of a [CuO]+ 
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species 33 (Keq) followed by HAT or radical trapping steps was proposed, although it was 

noted that the kinetic data are also consistent with a concerted process.

Heterolytic O–O bond scission was implicated in reactions of Cu(I) complexes of L18a (34) 

and L69 (35) with cumyl hydroperoxide (Figure 29).191,192 In both systems, the reaction 

proceeded to give cumyl alcohol (CmOH) as the predominant product (90–98%), with only 

minor amounts of acetophenone observed. These results are consistent with 2-electron 

reduction of the peroxide moiety. However, the stoichiometry for the reactions involving the 

two ligands differed; for 34, a 2:1 Cu:HOOR stoichiometry was observed (50% yield of 

CmOH), whereas for 35, the yield of CmOH was ~100% (1:1 Cu:HOOR stoichiometry). In 

addition, upon workup of the reaction with 35, the sulfoxide form of the ligand was isolated. 

Presumably, and on the basis of analogy to results for a dicopper(I) complex (section 3), the 

pathway for 34 involves dicopper intermediates [1 electron from each Cu(I)]. For 35, a 

mechanism involving formation of a [CuOOR]+ intermediate was proposed, with the second 

necessary electron coming from the sulfur donor to give the intermediate 36. Subsequent 

heterolytic cleavage of the O–O bond generates CmOH and the Cu(I) complex 38 of the 

sulfoxide, possibly via the intermediacy of a species such as 37. It is worth noting that 

heterolytic O–O bond scission and involvement of a ligand donor atom was also observed 

for 15 (Figure 19).194

The unusual [CuOOR]+ radical complex 18194 (Figure 19) cleanly oxidized various para-

substituted benzylic alcohols to benzaldehydes (substituents: OMe, Me, F, Cl) in a 2-

electron process reminiscent of the copper(II)-phenoxyl unit in galactose oxidase (GAO)213 

and model complexes.214,215 In the presence of excess substrate, the reaction followed 

pseudo first-order kinetics, and a Hammett plot of the second-order rate constants had a ρ 
value of −0.42 ± 0.08, similar to that reported for GAO (−0.09 ± 0.32).216 On the basis of 

this similarity to the enzyme, a mechanism was proposed involving substitution of the 

peroxide ligand by the alcohol (to yield ROOH), followed by intramolecular HAT by the 

anilino radical (vs the phenoxyl radical in GAO).

Finally, in chemistry relevant to biomolecule oxidation by reactive nitrogen species,217 the 

[CuOOH]+ complex 23 (Figure 22) supported by L41h was found to react with NO 

according to eq 2.201 A Cu(I)-peroxynitrite complex was postulated as an intermediate, with 

support coming from observation of nitration of 2,4-di-tert-butylphenol after treatment of 23 
with the phenol followed by addition of NO. The finding of N2O as a coproduct in the 

reaction of 23 with NO was rationalized by proposing disproportionation of NO by a Cu(I) 

intermediate(s).

2[CuOOH]+ + 4NO 2[CuII(NO3
−)]+ + H2O + N2O(g) (2)

2.3. [CuO]+ and [CuOH]2+ Species

Of the monocopper–oxygen intermediates proposed to be involved in catalytic oxidations, 

species which contain the [CuO]+ unit (“copper-oxyl” species) have proven to be 
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particularly elusive. Proposals for the intermediacy of such species in reactions of copper 

complexes in solution go back more than two decades.120,218,219 Yet, while a number of 

computational studies have probed their properties and led to proposals that intermediates of 

this type are potent oxidants, such species have only been observed experimentally in the gas 

phase and only indirect evidence exists for their involvement in homogeneous systems. 

Examples of such cases involving reactions of [CuOOR]+ complexes were discussed in 

section 2.2. The following discussion will briefly summarize the computational predictions 

concerning the properties of the [CuO]+ moiety and some other experimental examples that 

hint at the involvement of the [CuO]+ unit in homogeneous oxidation reactions. The 

discussion will then shift toward recent examples of [CuOH]2+ species, which may be 

considered to be the conjugate acid of the [CuO]+ moiety and have also been suggested as 

relevant species in biological oxidations.

2.3.1. [CuO]+—Numerous computational studies have evaluated the [CuO]+ unit within 

gas-phase ions,57,61,220–226 a protein environment,17,59 and complexes in solution. 
121,122,227,228 Detailed evaluation of the bare [CuO]+ ion supports a triplet ground state with 

the configuration (1σ)2(2σ)2(1πx)2(1πy)2(1δ)4(3σ*)2(2πx*)1(2πy*)1(4σ*)0 [Figure 30 

(left)],57,220,222 which has been noted to be analogous to the 3Σg
− ground state of dioxygen.

229 But rather than having biradical spin density equally distributed between the two atoms 

like in O2, in [CuO]+ the singly occupied 2π* orbitals have predominant oxygen p character, 

as reflected by the spin densities of 1.68 on O and 0.32 on Cu.222 Analogous triplet ground 

states were found for the [CuO]+ unit in various ligand environments, albeit sometimes with 

different orbital descriptions. For example, in the distorted trigonal bipyramidal environment 

of the PHM active site, one electron occupies what is essentially a nonbonding px (O) orbital 

and the other occupies a σ-type molecular orbital comprising antibonding dz
2 (Cu) and pz 

(O) orbitals [Figure 30 (right)]. This situation has been contrasted with the much more 

strongly bonding interactions involved in the FeIVO unit.17 Indeed, the Cu–O bond in [CuO]
+ is weak, as reflected in low bond dissociation energies determined from experiment (31.1 

± 2.8 kcal/mol)230 and theory (~25 kcal/mol).57

Consistent with its biradical character and a weak Cu–O bond, the [CuO]+ unit by itself, or 

in ligated form, has been predicted to be highly reactive. As noted previously (section 1), 

computations predict that reaction barriers for substrate attack by [CuO]+ in enzymes such 

as DβM,59,60 PHM,17,46 or LPMO61 are significantly lower than that for other intermediates 

such as 1:1 Cu:O2 adducts or [CuOOH]+. Similar predictions have been made for synthetic 

systems.183 Additionally, the product O–H bonds formed in HAT reactions mediated by 

these species are generally strong (~90–99 kcal mol−1 in some cases).227 Experiments have 

shown that in the gas phase, the ion [(phen)CuO]+ attacks a variety of hydrocarbon C–H 

bonds221,231 and the even more reactive [CuO]+ ion readily attacks the strong C–H bond of 

methane.222,223,231 Full discussion of this extensive work is beyond the scope of this review, 

which focuses primarily on complexes in condensed phase. We note here, however, that a 

key feature of many of these reactions is spin-inversion from the triplet potential energy 

surface to the singlet surface, which generally occurs after the initial oxidation step (either 

HAT or O atom transfer).59,183,226 The subsequent steps in these reactions (either radical 

rebound in the case of the HAT reactions or ring closure in the case of epoxidation reactions) 
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generally involve the one electron reduction from copper(II) to copper(I). The reduction is 

more favorable for the singlet state than the triplet state which is why spin-inversion 

generally happens after the initial oxidation step but before the second transition state.

Postulates of [CuO]+ as an intermediate in reactions of [CuOOR]+ complexes were 

discussed in section 2.2, where it was noted that most supporting evidence is indirect (with 

the exception of ESI-MS data for the reaction of 28 with PhIO).186 Another example 

drawing inspiration from nonheme iron enzymes232–234 involved the reaction of copper(I)-

α-ketocarboxylate complexes (39) supported by L17 with O2 (Figure 31).228 Demetalation 

and workup of the reaction mixtures revealed that aromatic hydroxylation of the ligand had 

taken place. DFT calculations predicted a pathway involving nucleophilic attack on the α-

ketocarboxylate ligand by a 1:1 Cu:O2 intermediate followed by decarboxylation. The 

resulting peracid species can then attack the ring directly via a very “oxolike” peracid 

transition state [“TS-peracid”, path (b)] or form a [CuO]+ type intermediate that then attacks 

the ring [“TS-oxo”, path (a)]. The latter was found to be the more kinetically favorable 

pathway. In line with other studies, theory indicated that the [CuO]+ species in path (a) has a 

triplet ground state and that spin crossover from the triplet to the singlet potential energy 

surfaces should be efficient.235

In a more direct attempt to access a [CuO]+ complex, a set of Cu(I) complexes of bidentate 

N-donor ligands were treated with oxo transfer reagents Me3NO, pyridinium N-oxides, or 

PhIO.236 In several cases, stable Cu(I)-N-oxide adducts formed, attesting to the energetic 

cost of accessing a [CuO]+ species. With ligand L2d, a bis(μ-oxo)dicopper complex was 

generated in the reaction with Me3NO, which might have derived from dimerization of a 

[CuO]+ precursor. However, alternative pathways such as that involving dimerization of a 

Me3NO adduct followed by amine loss could not be ruled out.

2.3.2. [CuOH]2+ Complexes—Protonation of the [CuO]+ unit would yield a [CuOH]2+ 

core, which may be envisioned as a (hydroxo)copper(III) species that could exhibit 

significant reactivity with C–H bonds. Such species 40–43 (Figure 32) have been prepared 

using strongly electron-donating dicarboxamido ligands,237–239 which are related to other 

amide-containing ligands that had been used previously to stabilize Cu(III) complexes.
240–244 These complexes were prepared by 1-electron oxidation of [CuOH]+ precursors and 

were formulated as Cu(III) compounds on the basis of X-ray absorption spectroscopy, EPR 

spectroscopy, and TD-DFT analysis of UV–vis spectra. Key spectroscopic features for the 

[CuOH]2+ core include (a) an X-ray absorption edge energy ~1.7 eV higher than that of the 

precursor Cu(II) complex and average Cu–O(N) distances shorter by ~0.1 Å than the Cu(II) 

precursor by EXAFS, (b) EPR silence consistent with a S = 0 Cu(III) formulation, and (c) 

identification of the intense absorption feature ~500–570 nm assigned by TD-DFT 

calculations as a ligand-to-metal charge transfer transition from the π system of the flanking 

aryl rings to the [CuOH]2+ core for 40–43.

In the initial report describing 40, high rates for H atom abstraction from 9,10-

dihydroanthracene (DHA) were found (i.e., k = 1.1(1) M−1 s−1 at −80 °C).237 The products 

observed were anthracene and the corresponding complex with a [Cu(OH2)]2+ core. Kinetic 

studies using deuterated substrate revealed a high H/D KIE of 40 at −60 °C, clearly 
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reflecting C– H bond scission in the rate-determining step and suggestive of a significant 

tunneling contribution. Since this first report, more detailed studies of the properties and 

reactivities of 40, 42, and 43 were performed.238,239 The differing degrees of electron 

donation by the ligands across the series were reflected in spectroscopic properties and 

oxidation potential differences. For example, a 400 mV range in E1/2 values for the CuIII/

CuII redox couple was observed [43 (−260 mV) < 40 (−74 mV) < 42 (+124 mV), all versus 

Fc+/Fc in 1,2-difluorobenzene (DFB)]. The redox behavior is inversely correlated to the 

basicity of the hydroxide in the Cu(II) precursors, which spans a range of ~4 pKa units (16–

20), and together these effects result in the formation of strong O–H bonds in the aquo 

complexes that are products of HAT reactions (bond dissociation enthalpies (BDEs) = 88–91 

kcal mol−1; 43 < 40 < 42).238,239 The complexes 40, 42, and 43 attack substrates with C–H 

bond enthalpies ranging from 76 (DHA) to 99 kcal/mol (cyclohexane). A plot of the log of 

the second-order rate constants (k) versus the difference in BDEs between the substrate C–H 

bonds and the product aquo complex O–H bonds was linear (Figure 33), indicating a 

common HAT mechanism across the series of substrates and complexes. The results are also 

consistent with a rate-dependence on the thermodynamic driving forces, in line with results 

observed for PCET reactions of other metal oxo/hydroxo compounds.245,246 In 

computations evaluating the pathway of the reactions with DHA, transition state structures 

were defined and significant corrections to account for proton tunneling were necessary to 

obtain activation parameters that agreed with experimental values.

More recently, stopped-flow kinetics studies of the fast reactions of 40 and 42 with a range 

of para-substituted phenols were performed (para-substituents X = NMe2, OMe, Me, H, Cl, 

NO2, and CF3).247 The data were interpreted to indicate that concerted PCET occurred 

across the series, except for the most acidic case (X = NO2), for which a pathway involving 

proton transfer prior to electron transfer (PT/ET) was implicated. Importantly, the high 

reactivity of 40–43 with C–H and O–H bonds provides key precedence for the notion that 

the [CuOH]2+ unit could be involved in copper-catalyzed oxidations and might be a more 

viable intermediate than the more elusive [CuO]+ core.31

3. DICOPPER COMPOUNDS

As noted in section 1, dicopper–oxygen species have been identified as intermediates in the 

CB-PPO enzymes such as tyrosinase and catechol oxidase and have been under intense 

discussion as possible reactive species in pMMO (Figure 1, panels c and d). Most 

commonly, 2:1 Cu:O2 complexes have been prepared by reaction of Cu(I) complexes with 

O2 at low temperature, via trapping of an initially formed 1:1 Cu/O2 adduct by an additional 

Cu(I) center. Multiple isomeric structures for 2:1 Cu:O2 complexes are possible (Figure 34). 

Of these, the (trans-1,2-peroxo), (μ-η2:η2-peroxo), and bis(μ-oxo)dicopper cores are the 

most well-studied, and their diagnostic spectroscopic properties, structural features, and 

typical reactivity patterns have been well-documented in previous reviews.
15,16,32,34,66,248,249 More recent work on complexes with these cores, other ones shown in 

Figure 34, and additional moieties comprising single oxo, hydroxo, and hydroperoxo bridges 

are described below.
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3.1. (μ-η2:η2-Peroxo)- and Bis(μ-oxo)dicopper Complexes

In view of the evidence that the (μ-η2:η2-peroxo)- and bis(μ-oxo)dicopper cores can readily 

interconvert, any discussion of the reactivity of one must acknowledge the possible 

involvement of the other. Nonetheless, the respective cores are differentially stabilized as a 

result of ligand structural and other influences, such that, in many cases, one or the other is 

observed as the sole or predominant product of oxygenations of Cu(I) complexes. Thus, in 

the following discussion we consider complexes of each core in turn and then turn to new 

insights into the factors that affect their interconversions.

3.1.1. Reactivity of (μ-η2:η2-Peroxo)dicopper Complexes—Since 2004, several new 

(μ-η2:η2-peroxo)dicopper complexes have been identified and their reactivity examined, 

with a particular view toward understanding the details of aromatic hydroxylation relevant to 

tyrosinase function.32 An especially stable (μ-η2:η2-peroxo)dicopper complex was prepared 

using the extremely hindered ligand L20c (t1/2 = 14 h in MeOH, 9.6 days in aqueous 

Na2HPO4), and its X-ray crystal structure was determined (Figure 35).250 It exhibits a high 

ν(O–O) of 773 cm−1 indicative of a strong O–O bond and as a result of the high degree of 

steric bulk of the supporting ligand does not coexist with a bis(μ-oxo)dicopper isomer, like 

the system supported by L20b comprising iPr rather than tBu ligand substituents.68,69 The 

complex effects the catalytic aerobic oxidation of 3,5-di-tert-butylcatechol to 3,5-di-tert-
butylquinone and oxidation of benzyl alcohol to benzaldehyde.

Reaction of the Cu(I) complex of L1a with O2 rapidly yielded a (μ-η2:η2-peroxo)dicopper 

complex 44 identified on the basis of UV–vis and resonance Raman spectroscopy and 

EXAFS (Figure 36).251,252 Formation of the product followed first-order kinetics, indicative 

of rate-determining generation of a 1:1 Cu:O2 complex followed by rapid trapping by an 

additional Cu(I) precursor. Subtle but clear differences in spectroscopic properties among 

the various complexes 44 with variable counteranions (X) were traced to different 

counteranion interactions with the dicopper core. It is noteworthy that the formation of 44 
only using L1a contrasts with the generation of a mixture of (μ-η2:η2-peroxo)- and bis(μ-

oxo)dicopper complexes when the N-methylated variant L1b was used. Preferential 

stabilization of the μ-η2:η2-peroxo complex by the weaker σ-donating 2° amine ligands in 

L1a was suggested as a rationale for this difference.

Importantly, unlike what is typically seen for bis(μ-oxo)-dicopper compounds, 44 did not 

abstract an H atom from 2,4-di-tert-butylphenol. Moreover, in a reaction directly relevant to 

tyrosinase function, treatment of 44 with 2,4-di-tert-butylphenolate followed by warming of 

the reaction mixture results in the formation of a 1:1 mixture of catechol and quinone 

(Figure 36).251,252 When the reaction was performed at −125 °C, a long-lived (~3 h) 

intermediate formed which was identified on the basis of UV–vis and resonance Raman 

spectroscopy and DFT computations as 45, a bis(μ-oxo)dicopper complex in which the 

phenolate has displaced an arm of L1a to bind in an equatorial position.253 Compound 45 
decays via first-order kinetics to an intermediate proposed to be the catecholate adduct 46. 

Consistent with an electrophilic aromatic substitution pathway, the rate of decay was slowed 

by electron-withdrawing substituents on the phenolate (Hammett ρ = −2.2) and an inverse 2° 

kinetic isotope effect was observed upon deuteration at the (hydroxylated) ortho position. 
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Protonation then yields the final products, (semiquinonato)Cu(II) (47) and (aquo)Cu(I) (48) 

complexes. This work demonstrated that a pathway involving isomerization of the (μ-η2:η2-

peroxo)-to a bis(μ-oxo)dicopper species that then attacks bound deprotonated substrate is a 

viable mechanism that may also occur in tyrosinase.251–253 This reactivity has been 

effectively exploited in effecting catalytic oxidations of alcohols and phenols.254–256

Assembly of the (μ-η2:η2-peroxo)dicopper core using simple monodentate ligands has been 

accomplished257–259 by performing synthetic reactions at very low temperature (−125 to 

−145 °C). This research builds upon earlier work performed under different conditions that 

did not allow for conclusive identification of the product (Figure 37).260,261 The (μ-η2:η2-

peroxo)dicopper core was formed in reactions of simple [(Im)3Cu(I)]+ (Im = 2- or 4,5-alkyl-

substituted imidazoles) complexes with O2 in 2-MeTHF at −125 °C.257 The resulting (μ-

η2:η2-peroxo)dicopper complexes 49 ligated only by the indicated monodentate imidazoles 

are stable at −125 °C but decay upon warming (t1/2 = 25 min at −105 °C). These species are 

highly reactive with sodium phenolates which yield predominantly catechols and lesser 

amounts of quinones (hydrogen atom abstraction not observed) without an observable 

intermediate. Addition of excess L42a to the (μ-η2:η2-peroxo)dicopper complex supported 

by 1,2-dimethylimidazole at −125 °C yields the (trans-1,2-peroxo)dicopper complex 50 
bound by L42a, a ligand-exchange process (“core capture”)259 with precedent in copper–

oxygen chemistry261 that here also involves isomerization of the Cu2O2 unit. In more recent 

work,258 the previous failure to observe a (μ-η2:η2-peroxo)dicopper complex using 1- or 4-

methylimidazole or unsubstituted imidazole was obviated by an alternate synthesis involving 

reaction of the known262 bis(μ-oxo)dicopper complex 51 of tetramethylpropylenediamine 

(L10a) with an excess of the imidazole at −145 °C, a temperature attained by using a 4:1 2-

MeTHF:THF eutectic mixture as solvent. Addition of 4 equiv of sodium 15-crown-5,2-tert-
butyl-4-cyano phenolate to the resulting (μ-η2:η2-peroxo)dicopper complex 49 at −145 °C 

yielded a phenolate-bound bis(μ-oxo)dicopper species akin to 45 (Figure 36), but here in a 

more biomimetic and sterically unencumbered ligand environment comprising imidazoles 

coordinating via their Nτ positions.

A relatively stable (μ-η2:η2-peroxo)dicopper complex (t1/2 ~ 30 min at room temperature) 

prepared using L37 as supporting ligand was found to convert exogenous phenolates to 

catechols.263 Kinetics of the stoichiometric reactions of sodium phenolates revealed 

saturation behavior interpreted to indicate a pre-equilibrium binding step, with studies of 

phenolate substituent effects on the rate constant giving a Hammett ρ of −0.99. More 

complicated phenols such as estrone or 8-hydroxyquinoline are also hydroxylated. The 

stability of the (μ-η2:η2-peroxo)dicopper complex enabled its use as a hydroxylation 

catalyst, with 25 equiv p-methoxyphenol and 50 equiv NEt3 as well as 10 equiv of quinone 

formed in 1 h and 15 equiv formed in 24 h. A similar type of reactivity is also observed for 

copper complexes supported by L15 which effects catalytic conversion of 2,4-di-tert-
butylphenol to the corresponding quinone in the presence of trimethylamine with a turnover 

number of 22.264 Additionally other similar ligand frameworks comprising L9, L46, L16a, 

or L16b have also been used to promote similar catalytic oxidations.265–267

Oxygenation of a dicopper(I) complex of the hexadentate ligand L58c in acetone at −80 °C 

yields a UV–vis spectrum consistent with the formation of a (μ-η2:η2-peroxo)dicopper 
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complex (52, Figure 38).268 The kinetics and thermodynamics of O2 binding to form this 

complex were determined and comparisons to those previously reported for other analogous 

systems of xylyl-bridged hexadentate dinucleating ligands were drawn.269,270 Importantly, 

unlike those systems that decayed to give products resulting from intramolecular 

hydroxylation of the bridging xylyl group, decomposition of 52 yielded a bis(μ-

hydroxo)dicopper product with no xylyl hydroxylation observed. Reaction of 52 with 

sodium phenolates resulted in hydroxylation to yield catechols, and the observed saturation 

kinetics for the reactions were interpreted to indicate weak preequilibrium binding of the 

phenolate (ΔH° = −1.9 ± 0.1 kcal mol−1, ΔS° = −2.1 ± 1.5 cal K−1 mol−1) prior to rate-

determining electrophilic attack (supported by Hammett ρ = −1.8). No evidence for bis(μ-

oxo)dicopper core formation was observed, suggesting that in this system the μ-η2:η2-

peroxo unit is responsible for the phenolate hydroxylation. In a separate study, 52 was 

shown to effect the oxidation of thioanisole to the sulfoxide.271 The reaction is slow, 

however [k = (12 ± 1) × 10−5 s−1], so the more reactive system supported by L58a272,273 

was examined. Catalytic sulfoxidation was observed upon treatment of a dicopper(II) 

complex of L58a with reductant and O2, and it was proposed that a reactive intermediate 53 
was involved (Figure 38). In a more recent study using L58d, which employs chiral alkyl 

substituents on the benzimidazole instead of the achiral methyl group in L58a, the 

corresponding copper complexes were used to affect stereoselective oxidation reactions of 

enantiomeric mixtures of catechols and thioansioles.274

In contrast to what was observed for the system supported by L58c, oxygenation of 

dicopper(I) complexes of dinucleating ligands featuring aromatic bridges often results in 

hydroxylation of those bridges, as originally described for xylyl complexes (Figure 39).
275,276 In several cases, no oxygenated intermediate was observed,181,277 and in some of 

these instances a (μ-η2:η2-peroxo)dicopper species was proposed on the basis of precedent 

or DFT calculations.278,279 In other cases, a (μ-η2:η2-peroxo)-dicopper was observed by 

spectroscopy and insights into the kinetics and thermodynamics of its formation and/or 

intramolecular hydroxylation reactivity were attained.280–282 For example, kinetic studies of 

the oxygenation and subsequent intramolecular hydroxylation reactions of Cu(I) complexes 

of L58g and L58h and the asymmetric ligand L50a were performed.280 A low ΔH‡ for the 

oxygenation of the L58g and L58h complexes was rationalized by postulating a left-lying 

pre-equilibrium formation of a 1:1 Cu:O2 adduct [i.e., CuICuII(O2
−) species] that slowly 

evolved to a (μ-η2:η2-peroxo)dicopper complex (Figure 40). Both the rates of oxygenation 

and the intramolecular hydroxylation increased as the ligand was rendered more electron-

donating (L58h > L58g > L58f). Slow ligand hydroxylation for the system supported by 

L50a was proposed to reflect “a less than ideal proximity or orientation of the complex’s 

electrophilic peroxo group toward the arene pi system.”

In another study of a related system supported by L58i (Figure 39, R3 = Me; R = H, OMe, 

tBu, NO2), the (μ-η2:η2-peroxo)dicopper intermediate 54, implicated in the hydroxylation of 

the bridging arene ring to yield 55, was detected by UV–vis and resonance Raman 

spectroscopy.281 Once again, a Hammett ρ value of −1.9 was observed, consistent with 

electrophilic attack at the ring and in agreement with the value measured for tyrosinase. DFT 

calculations benchmarked by Cu L-edge XAS for R = NO2 corroborated this conclusion (via 
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comparison to the bis(μ-oxo)dicopper complex of L1a).282,283 The computationally 

proposed mechanism involves transfer of π electrons from the bridging arene to the peroxo 

σ* orbital and O–O bond scission in the key reaction step, rather than prior isomerization to 

a bis(μ-oxo)dicopper isomer. In novel transformations for the (μ-η2:η2-peroxo)dicopper 

moiety, for R = H, trapping of 54 by excess styrene and solvent THF was observed to 

compete with intramolecular hydroxylation, to yield styrene oxide or 2-hydroxy-THF, 

respectively. In addition, the (μ-η2:η2-peroxo)dicopper core has been implicated in hydrogen 

atom abstractions, reactions that are unusual for this type of core. This reactivity has been 

seen for a range of substrates with C–H bond dissociation enthalpies between 75 and 92 

kcal/mol, with key evidence being a linear log k vs C–H bond BDE plot and large H/D 

kinetic isotope effects.282 Additional studies focused on variation of para-substituents on the 

pyridine rings with the same ligand backbone, revealing that the rate of O2 binding increases 

with increasing electron-donation.280 Radical chemistry was implicated in reactions of 

several other (μ-η2:η2-peroxo)dicopper complexes.284–287 Conclusive evidence for the 

formation of a (μ-η2:η2-peroxo)dicopper complex upon reaction of a Cu(I) complex of L8 
ligands was reported on the basis of UV–vis and resonance Raman spectroscopy, XAS, 

magnetic susceptibility measurements, and DFT calculations.284 Hydrogen atom abstraction 

without hydroxylation was observed upon reaction of the complex with R = tBu with 2,4-di-

tert-butylphenol.

Radical coupling of phenols was observed for the (μ-η2:η2-peroxo)dicopper complex of 

L52, which was characterized by UV–vis spectroscopy and XAS.285 Spectroscopic evidence 

indicated that peroxo complexes of ill-defined structure formed upon reaction of Cu(II) 

complexes of L32 and L51a-c with H2O2 in water,286 and trapping experiments suggested 

that hydroxyl radicals formed upon their decay that were implicated in DNA cleavage 

reactions.287

A mechanistic study probed the involvement of the (μ-η2:η2-peroxo)dicopper complex (58) 

of L51a in the catalytic reduction of O2 to H2O by a Cu(II) complex (56) using 

decamethylferrocene (Fc*) and CF3CO2H as reductant and proton source, respectively 

(Figure 41).288 The proposed mechanism involves rapid electron transfer from Fc* to 56 to 

yield the dicopper(I) complex 57, the kinetics of which were analyzed by Marcus theory. 

Subsequent oxygenation of 57 yields 58, a known reaction.289 The rate of reduction of 58 by 

Fc* is unaffected by CF3CO2H, supporting the stepwise reduction/protonation sequence. 

Because of the possibility of rapid equilibration of 58 with a bis(μ-oxo)dicopper isomer 59, 

the possibility that reduction/protonation occurs from 59 was examined. Analysis of 

activation parameters for reduction of 58 involving comparison to those obtained for the 

bis(μ-oxo)-dicopper complex of L18a (see below) led to the conclusion that direct reduction 

of 58 occurred.

3.1.2. Reactivity of Bis(μ-oxo)dicopper Complexes—With the aim of understanding 

the effects of supporting ligands on the properties of the bis(μ-oxo)dicopper core and 

accessing accurate and functional models of purported biological intermediates, new 

examples of bis(μ-oxo)dicopper complexes have been prepared and their reactivity probed. 

One approach has centered on using ever-simpler and less sterically encumbered N-donor 

Elwell et al. Page 25

Chem Rev. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



supporting ligands, with the goal of enhancing reactivity of this core with exogenous 

substrates and better mimicking the putative active site of pMMO that features the “histidine 

brace” (Figure 1d). In a systematic study building upon earlier work,290,291 a set of N-

peralkylated diamine ligands (L6a–e, L1d–f), as well as tridentate polyazacyclononane 

ligands (L20a and L84), studied for comparative purposes, were used to prepare nine 

different bis(μ-oxo)dicopper complexes by reacting monocopper(I) starting complexes with 

dioxygen in various solvents.292 The formulations of the products were confirmed by EPR, 

UV–vis, and resonance Raman spectroscopy, as well as an X-ray structure in one case 

(supported by L6c; Figure 42). Among the key findings was that the rate of oxygenation of 

the Cu(I) complex of L6d was ~300 times slower than others with methyl substituents. This 

was interpreted to indicate an associative mechanism for initial 1:1 Cu:O2 adduct formation 

that is slowed by the larger ethyl groups in L6d. The least hindered complex of L6c was the 

most stable, a discovery that was noted to have positive implications for future studies of 

reactivity with external substrates that might have greater access to the bis(μ-oxo)dicopper 

core if smaller supporting ligands were used.

Support for this idea came from studies of the system supported by N,N,N′,N′-

tetramethylethylenediamine (L1c).293 It had been found previously that oxygenation of the 

Cu(I) complex of this sterically unencumbered ligand yielded a bis(μ-oxo)tricopper(II,II,III) 

complex arising from reaction of an initially formed bis(μ-oxo)dicopper intermediate with a 

[(L1c)-Cu(I)]+ moiety.291,294 By performing the oxygenation at low concentrations of Cu(I) 

(<2 mM), the dinuclear complex was prepared preferentially (Figure 43). Importantly, the 

complex was found to be particularly stable toward decomposition, enabling the oxidation of 

benzyl alcohol to benzaldehyde, a new reaction for bis(μ-oxo)complexes supported by N-

peralkylated diamines.

Even less sterically hindered complexes comprising primary amine donors were then 

targeted, a key goal being to model the RNH2 coordination found in the proposed active site 

of pMMO. Direct oxygenation of Cu(I) complexes of primary amines failed to yield isolable 

products, so the “core capture” method was used as described in section 3.1.1.295,296 Thus, 

the bis(μ-oxo)dicopper complex (51) of L10a was prepared by reaction of a Cu(I) precursor 

with O2, and then this complex was treated with another ligand (2 equiv) at −125 °C to 

rapidly yield new bis(μ-oxo)dicopper products 61–63 (Figure 44). The shown 

thermodynamic stability order was determined through mixing experiments and DFT 

calculations. The stabilization of the complexes by primary amine and histamine ligands 

arises from stronger metal–ligand interactions, as reflected by blue-shifted LMCT features 

in UV–vis spectra caused by higher energies of acceptor orbitals. These strengthened 

interactions were proposed to arise not from greater ligand basicity but from decreased 

hindrance that facilitates shorter metal–ligand bonds. The histamine ligation in 62 and 63 is 

notable with respect to its similarity to the histidine brace in the proposed active sites of 

pMMO and LPMO. Compounds 61–63 were found to be capable of HAT from substrates 

with weak C–H bonds (74–76 kcal/mol) even at −125 °C, with steric accessibility to the 

bis(μ-oxo)dicopper core being key for substrate access.

The involvement of a bis(μ-oxo)dicopper unit in catalytic oxidations has been proposed in 

both homogeneous297 and heterogeneous systems.298 Oxygenation of solutions of Cu(I) 
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complexes of β-diketiminate ligands L2a and L2b or treatment of the corresponding Cu(II)-

acetato complexes with H2O2/NEt3 afforded bis(μ-oxo)dicopper complexes as shown by 

UV–vis and resonance Raman spectroscopy. Oxidation of cyclohexane (2.5 M) to 

cyclohexanol (~20% yield) and cyclohexanone (~6% yield) was effected by the Cu(II)-

acetato complexes (0.83 mM) and H2O2 (83 mM). Catalysis did not proceed when ligands 

with Me groups in the position adjacent to the N-donors were used (L2c and L2h), and with 

these ligands bis(μ-oxo)dicopper complexes were not formed upon treatment with H2O2/

NEt3, presumably for precedented steric reasons.149 These results were interpreted to 

support a mechanistic hypothesis that the bis(μ-oxo)dicopper core (activated by the electron-

withdrawing ligand substituents) was responsible for attacking the cyclohexane substrate.

Catalytic oxidation of toluene to benzaldehyde was performed by a Cu(II) complex of ligand 

L34 immobilized within the nanochannels of functionalized mesoporous silica 

nanoparticles. 298 The involvement of a bis(μ-oxo)dicopper complex was inferred on the 

basis of the results of experiments wherein the immobilized complex was first reduced by 

ascorbate and then exposed to O2. UV–vis spectroscopy and XAS data were consistent with 

formation of a bis(μ-oxo)dicopper core. Confinement of this core and O2 within the 

nanoparticles was argued to be critical for the high levels of catalytic activity observed in 

what was determined by kinetics to be a consecutive process: toluene → benzyl alcohol → 
benzaldehyde.

The catalytic reduction of O2 to H2O by Fc* and CF3CO2H was examined using a Cu(II) 

complex of L18a (64), and a mechanism involving initial reduction to a Cu(I) species that 

then reacts with O2 to yield a bis(μ-oxo)dicopper core (65) was proposed (Figure 45).288 

Consistent with this pathway, reaction of the independently prepared bis(μ-oxo)dicopper 

complex with Fc* occurred rapidly upon mixing at a rate that was not influenced by added 

CF3CO2H.

Using a ligand that incorporates elements of previously studied systems comprising bis[2-

(pyridin-2-yl)ethyl]amine derivatives and amines, a hybrid ligand L24 was used to prepare a 

bis(μ-oxo)dicopper complex.299 This product was identified by UV–vis spectroscopy and 

found to generate radicals or derived coupling products upon reaction with phenols.

In work following up to the previously reported discovery that oxygenation of a Cu(I) 

complex of L5 leads to hydroxylation of its appended arene group via the intermediacy of a 

bis(μ-oxo)dicopper complex,300 DFT calculations of this system and studies of a related and 

synthetically more readily accessible ligand L7 were performed.301 Oxygenation of a Cu(I) 

complex of L7 also resulted in arene hydroxylation, with subsequent hydrolysis yielding 

aldehydes as the final products (Figure 46). The formation of a bis(μ-oxo)dicopper 

intermediate was supported by the observation of an optical absorption at 400 nm in low-

temperature stopped-flow kinetic experiments. Importantly, within the context of the 

viability of bis(μ-oxo)dicopper core as an oxidant capable of tyrosinase activity, DFT 

calculations supported rapid conversion of an initially formed (μ-η2:η2-peroxo)dicopper 

complex to the more stable bis(μ-oxo)dicopper isomer, which then performed the 

electrophilic attack at the arene.
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In a related strategy, the appended phenol in ligand L80a was oxidized to a quinone upon 

reaction of its Cu(I) complex with O2.302 The same quinone product was formed upon 

oxygenation of the Cu(I) complex of L80b, supporting initial catechol formation in the 

overall reaction of L80a. By analogy to the finding that the system supported by a ligand 

analog comprising a phenyl (L18b–f) instead of a phenol appendage yields a bis(μ-

oxo)dicopper complex, a similar intermediate was invoked, with support from DFT 

calculations (Figure 47).

The diimine ligand L11,303 bis(guanidine) ligands L14 and L13,304,305 and the hybrid 

guanidine-amine ligand L27306 were found to support formation of bis(μ-oxo)dicopper 

complexes upon oxygenation of Cu(I) precursors. The complex supported by L14 decayed 

to yield alkoxo-bridged products derived from hydroxylation of ligand methyl groups.305 A 

comparison of the reactivity of the bis(μ-oxo)dicopper complexes 66, 67, and 51 supported 

by L14, L27, and L10a,262 respectively, with 2,4-ditert-butylphenol and -phenolate revealed 

intriguing differences (Figure 48). Complex 66 was unreactive, 51 gave radical coupling 

products upon reaction with both the phenol and phenolate, and 67 coupled 2,4-di-tert-
butylphenol and hydroxylated 2,4-di-tert-butylphenolate. These results were rationalized by 

invoking the greater basicity and stronger σ-donating power of the guanidate. With two such 

guanidate groups in 66, stabilization of the bis(μ-oxo)dicopper core is sufficient to shut 

down oxidative reactivity, whereas in the hybrid ligand system 67, this effect is attenuated 

and both radical and hydroxylation reactions are observed. As in other systems that 

hydroxylate phenolates, saturation kinetics were observed, consistent with association of the 

phenolate to the bis(μ-oxo)dicopper core prior to electrophilic attack. It is also noteworthy 

that the reactions of 51, 66, and 67 with 2 equiv. FcCO2H (an electron and proton donor) 

results in conversion to a bis(μ-hydroxo)-dicopper(II) complex, with an intermediate 

(unobserved) (μ-oxo)(μ-hydroxo)Cu(II)Cu(III) complex proposed on the basis of DFT 

calculations.306

Identification of a bis(μ-oxo)dicopper intermediate that decays via hydroxylation of a 

bridging aryl unit in a dinucleating ligand was reported for the system supported by L47.307 

This finding stands in contrast to the more common observation of (μ-η2:η2-

peroxo)dicopper intermediates with related xylylbridged ligands (see section 3.1.1). A 

related hydroxylation where an unobserved bis(μ-oxo)dicopper species is a possible 

intermediate has been reported.308 It is noteworthy that in addition to attacking its bridging 

aryl unit, the bis(μ-oxo)-dicopper complex of L47 also reacts with 2,4-di-tert-butylphenolate 

to give both radical coupling and ring hydroxylation products (catechol plus trace quinone).
307

A different xylyl-bridged dinucleating ligand was found to support formation of a bis(μ-

oxo)dicopper complex that hydroxylates phenolates.39,309,310 Comparison of the reactivity 

of dicopper(I) complexes of ligands L57 and L48 revealed different behavior, wherein only 

L48 supported formation of a copper–oxygen intermediate, identified as 68 on the basis of 

UV–vis and resonance Raman spectroscopy (Figure 49).309 Treatment of 68 with various 

para-substituted phenolates resulted in clean catechol formation (with no complications from 

intramolecular arene hydroxylation), and in the case of the reaction with p-chlorophenolate 

performed at −95 °C, the bis(μ-oxo)dicopper phenolate adduct 69 was identified as an 
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intermediate by resonance Raman spectroscopy.310 The properties and key kinetic 

parameters for the decay of 69 (i.e., Hammett ρ = −1.9) are similar to those reported for 45 
supported by L1a (Figure 36), corroborating their similar structures.

Finally, we note that an earlier report of the synthesis of a bis(μ-oxo)dicopper complex 

supported by L23a,311 an open chain analog of the L20 framework, was followed by a low-

temperature stopped-flow study of the kinetics of its formation.164 A comparison to a series 

of other related oxygenations revealed the reaction of the Cu(I) complex of L23a to be 

significantly faster, as illustrated by a kon for the initial binding step for L23a being ~107 

greater than for L20b.68,269

3.1.3. Interconversions of (μ-η2:η2-Peroxo)- and Bis(μ-oxo)dicopper Cores—
Since 2004, a number of studies have further examined the factors that influence the relative 

stabilities of these isomeric cores and the possible interconversions between them. The roles 

of ligand structural variations on the reactivity of Cu(I) complexes of a large set of pyridyl-

amine ligands have been examined particularly extensively over several decades and the 

results reviewed.312,313 In work reported after 2004, the ligand L38b was used to draw 

comparisons with the properties and O2 reactivity of previously studied Cu(I) complexes of 

L38a and L38c (illustrated for R = CH2CH2Ph in Figure 50).314 The Cu(I) complex of 

L38b exhibited an oxidation potential and rate of reaction with O2 intermediate between 

those of L38a and L38c. Upon oxygenation it yielded a (μ-η2:η2-peroxo)dicopper complex 

like that formed using L38a315,316 but with a weaker O–O bond as reflected by a lower 

ν(O–O) (Δν = ~20 cm−1). This result contrasts with the formation of a bis(μ-oxo)dicopper 

complex that had been reported previously using L38c.317 Thus, the 6-methyl substituents 

reduce the electron-donating power of the ligand framework that L38b and L38c share, 

apparently by weakening the Cu–N(pyridine) bonds through steric repulsions, thus 

inhibiting O–O bond scission. Related steric effects caused by quinolyl groups also led 

oxygenation of the Cu(I) complex of L35b to yield a (μ-η2:η2-peroxo)dicopper complex.318

Building upon previous work probing solvent effects on the (μ-η2:η2-peroxo)/bis(μ-

oxo)dicopper equilibrium,69,291 this equilibrium was examined in detail as a function of 

solvent for the system involving L21a.319 The operation of a rapid equilibrium between the 

two isomers supported by L21a was confirmed by low-temperature stopped-flow kinetics. 

UV–vis and resonance Raman spectra showed the proportion of bis(μ-oxo)dicopper isomer 

formed followed the order CH2Cl2 < Et2O ~ acetone < THF, consistent with greater 

stabilization of this isomer by more strongly coordinating solvents. Low-frequency features 

associated with Cu–Neq and Cu---Cu modes in resonance Raman spectra for the (μ-η2:η2-

peroxo)dicopper isomer shifted as a function of solvent similarly, but the Cu2O2 core 

vibration of the bis(μ-oxo)dicopper core was invariant. These results were interpreted to 

indicate that the solvent coordinates to the (μ-η2:η2-peroxo)dicopper core, but how the 

overall thermodynamics favoring the other isomer are influenced by the solvent remained 

unclear.

Electronic effects on the equilibrium were examined in a subsequent comparative study of 

the series L21 (R = NMe2, OMe, H, and Cl).320 Varying the para substituents had negligible 

effects on the oxidation potentials of their Cu(I) complexes and on the ν(C–O) stretches in 
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their Cu(I)-carbonyl complexes, but the bis(μ-oxo):(μ-η2:η2-peroxo) ratio formed upon 

oxygenation of the Cu(I) complexes was significantly influenced (in contrast to more minor 

effects on that ratio reported previously for the L32 system).321,322 Thus, this ratio increased 

as the supporting ligand became more electron-donating, consistent with enhanced 

stabilization of the more oxidized copper sites in the bis(μ-oxo)dicopper core (Figure 51). 

This trend was seen using both noncoordinating CH2Cl2 and coordinating THF as solvent, 

but for CH2Cl2, it was attenuated for R = OMe, H, and Cl, such that the proportions of the 

(μ-η2:η2-peroxo)dicopper isomer were increased in that solvent. Only the bis(μ-

oxo)dicopper isomer was seen for R = NMe2 using either solvent, indicating that the solvent 

effects are secondary to the electronic ones propagated by the para substituents on the 

ligand.

In the above study, enhanced electron donation by the supporting ligand results in reductive 

cleavage of the O–O bond, which has been postulated to occur via “backbonding” into the μ-

η2:η2-peroxo σ* orbital. Weakening of the O–O bond without such reductive bond scission 

was defined in an X-ray structure of the (μ-η2:η2-peroxo)dicopper complex of L23b,323 

which had been shown previously to have a low ν(O–O) of 721 cm−1.324 A long O–O bond 

of 1.540(5) Å was measured, and EXAFS and resonance Raman data confirmed that no 

bis(μ-oxo)dicopper isomer was present, ruling out compositional disorder as the reason for 

observation of the long O–O distance. This observation was rationalized using DFT 

calculations by invoking a trans-influence of the supporting ligand that “decreases the O2
2− 

π*σ-to-Cu charge transfer (which) results in more electron density in the π antibonding 

orbitals of the peroxide and thus the weaker O–O bond,”323 a process distinct from the 

backbonding to the σ* orbital that induces formation of the bis(μ-oxo) dicopper core.

A detailed study of the reactivity of the mixture of (μ-η2:η2-peroxo) and bis(μ-oxo)dicopper 

complexes supported by L32 (R = H, MeO, and Me2N) provided insights into redox 

behavior, mechanisms of attack at various exogenous substrates, and mechanisms of PCET 

reactions.325 Among the findings was the discovery that for reactions with exogenous 

substrates like THF or dimethylaniline, pre-equilibrium binding of substrate occurs prior to 

oxidation. Using the mechanistic probes Ncyclopropyl-N-methylaniline (CMA) and (p-

methoxyphenyl)-2,2-dimethylpropanol (MDP), it was concluded that the systems supported 

by L32 (R = H, MeO) reacted by a CPET (concerted proton electron transfer) pathway, 

whereas for R = NMe2, a consecutive ET/PT (electron transfer/proton transfer) mechanism 

is followed. Complicating the interpretation of the results of these studies is the presence of 

an equilibrium between (μ-η2:η2-peroxo)- and bis(μ-oxo)dicopper isomers, either or both of 

which may be the reactant in each case.

Subtle ligand geometric factors had significant effects on the course of oxygenations of 

Cu(I) complexes of the ligand series L22, L26, L29, and L33, including on the ratios of (μ-

η2:η2-peroxo)- and bis(μ-oxo)dicopper isomers (Figure 52).326 The Cu(I) complex of the 6-

membered ring ligand L26 was reactive with O2, however an intermediate was not observed. 

The complex with the 7-membered ring L29 yielded a bis(μ-oxo)dicopper core, the complex 

with the 8-membered ring L33 formed a 1:1 Cu:O2 adduct, and the complex of the noncyclic 

ligand L22 yielded a mixture of (μ-η2:η2-peroxo)- and bis(μ-oxo)dicopper products. These 

differences were rationalized using electrochemical data and analysis of X-ray crystal 
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structures of the Cu(I) complexes. Bite angle and Cu–N distance constraints associated with 

the macrocycles in L26, L29, and L33 were deemed responsible for the observed Cu(I)/O2 

reactivity. While L33 and L22 contain similar propyl linkers between ligand N-donors, the 

rigidity of the former prevented attainment of proper geometries to support (μ-η2:η2-

peroxo)- or bis(μ-oxo)dicopper isomers, while flexibility in the latter enabled formation of 

both cores as a mixture. In another example of subtle ligand geometry changes influencing 

the stability of these isomers, DFT calculations indicated that simply changing one 

methylene linker in L49a to an ethyl linker (L49b) shifted the preference for formation of a 

bis(μ-oxo)dicopper complex to the (μ-η2:η2-peroxo)dicopper congener. 327

In addition to solvent and ligand electronic, steric, and geometric influences, counterions 

also were found to affect the relative stability of the (μ-η2:η2-peroxo)- or bis(μ-oxo)dicopper 

cores.328 Oxygenation of the complex [(L10b)Cu(CH3CN)]X in THF, CH2Cl2, or acetone 

yielded an equilibrating mixture of the two cores, the ratio of which depended on the 

identity of X. With a relatively noncoordinating anion such as SbF6
−, the bis(μ-oxo)dicopper 

isomer is favored. More basic anions like CH3SO3
− or PhCO2

− favor the (μ-η2:η2-

peroxo)dicopper form, with titration data for the most basic ones indicating association of 

one anion per dicopper complex. EXAFS supported by DFT calculations indicated bidentate 

bridging coordination of the anion to the syn axial positions of the (μ-η2:η2-peroxo)dicopper 

unit, thus rationalizing stabilization relative to its bis(μ-oxo)dicopper isomer. Analogous 

stabilization of a (μ-η2:η2-peroxo)dicopper core was proposed in a study of decarboxylation 

of α-ketocarboxylates, where binding of benzoylformate or benzoate were proposed to 

convert the bis(μ-oxo)dicopper complex of L10a to the carboxylate-bridged (μ-η2:η2-

peroxo)-dicopper unit.329

The presence of an appropriate thioether appendage on a diamine ligand was found to 

change the preference for formation of the respective [Cu2O2]2+ cores (Figure 53).330 Thus, 

oxygenation of a Cu(I) complex of L73 proceeds similarly to that of L10a262 to give a bis(μ-

oxo)dicopper complex, whereas the alkylthioether group in L72 induces generation of a (μ-

η2:η2-peroxo)dicopper core through metal coordination (thus acting as a tridentate ligand 

analogous to L23b,324 which gives the same isomer). Previous studies of the O2 reactions 

with Cu(I) complexes of ligands similar to L72 and L73, but with pyridyl arms (L76 and 

L77), resulted in sulfoxidations with no copper–oxygen intermediates observed.331

Predicting the relative stability of the (μ-η2:η2-peroxo) and bis(μ-oxo)dicopper cores by 

theory has been pursued by many investigators but with widely varying results as a function 

of methodology used. A full elaboration of these difficulties is beyond the scope of the 

current discussion, so we point the interested reader to two insightful and comprehensive 

discussions.332,333

3.1.4. Heterobinuclear Bis(μ-oxo) Complexes—In efforts to expand the pallet of bi(μ-

oxo)dimetal complexes with the aim of discovering new reactivity of potential relevance to 

catalytic oxidations, several synthetic strategies toward such species containing a copper ion 

have been pursued.167,168,334–336 In one approach, a 1:1 metal/O2 adduct was mixed with a 

second metal reagent (Figures 54 and 55).167,334–336 Thus, reaction of the 1:1 Cu:O2 adduct 

3a (see Figure 5) with Ni(I) complex 70 (L81) generated a mixture of 71 (major) and 72 
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(minor) (Figure 54), formulated as having the indicated isomeric cores on the basis of UV–
vis, EPR, and resonance Raman spectroscopy [ν(O–O) and [CuNi(μ-O)2]2+ core vibration at 

847 and 625 cm−1, respectively].167 An opposite route was taken in preparing compounds 

73a–h and 74, whereby a 1:1 M:O2 adduct [for example, M = (Ph3P)2Pd or Pt,334 or 

(L2d)Ni335] was treated with a Cu(I) complex of ligands L23c, L2d, L10a, L6a, or L20b 
(Figure 55). UV–vis and resonance Raman data supported the indicated formulations of the 

products (Table 6), with additional XAS/EXAFS and computational results provided for 74 
(Cu–Ni = 2.81 Å).335

Reactivity distinct from that typical of bis(μ-oxo)dicopper complexes was seen in several 

studies of the heterobimetallic complexes. For example, [NH4][PF6] protonated 73b 
(ESIMS), while reaction with CO2 led to a (PPh3)2PtII–CO3 adduct. No reaction of 73a–h 
was observed with DHA, thioanisole, or 1-decene, but a coupled biphenol was observed 

upon treatment with 2,4-di-tert-butylphenol.334 Taken together, the reactivity of compounds 

73a–h is indicative of nucleophilic character that contrasts with what is generally seen for 

bis(μ-oxo)dicopper complexes but is in line with the norm for bis(μ-oxo)diplatinum 

complexes.337,338 Studies of 74 also show its O atoms to act as nucleophiles.336 Thus, 

reaction of 74 with benzoyl chloride led to formation of benzoic acid, and examination of 

the kinetics of the reactions with a series of para-substituted benzoyl chlorides revealed a 

Hammett ρ = 2.5. On the other hand, examination of the kinetics of the reactions of 74 with 

phenols showed for R = H on the supporting ligand L23c, HAT occurred like what was seen 

for the bis(μ-oxo)dicopper species. For R = Me, both HAT and PCET mechanisms were 

followed depending on the phenol, highlighting the subtle effect ligand substituents can have 

on mechanisms of reactions with exogenous substrates.

In a different synthetic route to heterobimetallic complexes, oxygenation of Cu(I)–Ge(II) 

complexes 76 and 77 was explored (Figure 56).168 For the system 76 ligated by N(SiMe3)2
− 

ligands, UV–vis and resonance Raman spectroscopy indicated that 75 was produced (Table 

6). The analogous complexes supported by L2d and L4c were also prepared by reaction of 

the corresponding transient 1:1 Cu:O2 adduct with Ge[N(SiMe3)2]2. Reaction of 77 with O2 

proceeded differently, giving products indicative of loss of the Ge(II) fragment and 

formation of a transient 1:1 Cu:O2 adduct. In support of this formulation for the transient 

species, reaction with Ge[N-(SiMe3)2]2 yielded 75.

3.2. Other Peroxo Complexes

3.2.1. (1,2-Peroxo)dicopper Complexes—Ever since the report in 1988 of the first X-

ray structure of a Cu/O2 complex that showed it to be a (trans-1,2-peroxo)dicopper(II) 

species,339 many examples of this type of core have been characterized, including by X-ray 

crystallography.145,340 Key spectroscopic properties of such complexes, mostly reported 

since 2004, are presented in Table 7.128,144,200,341–346 They have in common the typical, 

previously analyzed347 signatures comprising (1) peroxide π*→ Cu(II) d LMCT features at 

530–550 nm (~10,000 M−1 cm−1) and 600 nm (sh) and (2) characteristic resonance Raman 

stretching frequencies for ν(O–O) and ν(Cu–O) at ~800–850 cm−1 and ~550 cm−1, 

respectively. Slight variations evaluated through detailed comparisons with the parent L41a 
system have provided insights into geometric differences or donor atom effects. For 
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example, in 78 (L67), respective ν(O–O) and ν(Cu–O) values were found to be 10 and 16 

cm−1 lower than those for the L41a complex (Figure 57). These shifts were interpreted to 

indicate increased electron donation by the thioether donor in L67 that reduces peroxide-to-

Cu π* donation, weakening both the Cu–O and O–O bonds.342 Similar arguments were used 

to rationalize why L82 is a weaker donor than L67.343 The relative absorption intensities for 

the complexes supported by the thioether-containing ligands L82 and L67 are inverted 

(extinction coefficient at ~610 nm greater than that at ~550 nm) relative to the more typical 

pattern (extinction coefficient at ~550 nm greater than that at ~610 nm), which was 

attributed to a geometric distortion toward square pyramidal in the thioether donor cases that 

inverts the energy order of the π*σ and π*v orbitals.342,343 A similar geometric distortion 

was invoked to explain weaker Cu–O and O–O bonding in the (trans-1,2-peroxo)dicopper 

complex of L40a.344

In general, (trans-1,2-peroxo)dicopper compounds are supported by tetradentate ligands, 

which typically inhibit adoption of coordination numbers >5 and thus prevent formation of 

(μ-η2:η2-peroxo)- or bis(μ-oxo)dicopper cores. Yet, different cores can be accessed through 

variation of ligand steric influences or donor types. Thus, while oxygenation of the Cu(I) 

complex of L82 yielded a (trans-1,2-peroxo)dicopper complex, replacement of the thioether 

S with an ether O (L78b) resulted in formation of a bis(μ-oxo)dicopper core.343 The 

bis(pyridylmethyl)amine derivatives L30 and L38d are similarly divergent in their 

oxygenation chemistry, with the former yielding a (trans-1,2-peroxo)dicopper core proposed 

to involve anisole O coordination to the metal ions and the latter yielding a bis(μ-

oxo)dicopper complex because of the noncoordinating nature of the benzyl group.348 A 

comparison of a series of derivatives of L41a that are modified at the 6-position of one 

pyridyl arm showed that for R = Me, a (trans-1,2-peroxo)-dicopper core forms, but if that 

substituent is more sterically encumbered (i.e., R = aryl or secondary amine), a bis(μ-

oxo)dicopper complex is favored (Figure 58).341 These findings were rationalized by 

positing that the large substituent weakens the Cu–N interaction with the substituted pyridyl 

donor, favoring the lower coordination number typical for bis-(pyridylmethyl)amine ligands 

suitable for bis(μ-oxo)dicopper complex formation.317 Differences in steric effects also were 

proposed to underlie the different course of oxygenations of Cu(I) complexes of bispidine 

derivatives L31a and L31b; only 1:1 Cu:O2 adduct formation was seen for L31b, whereas 

L31a supported a (trans-1,2-peroxo)dicopper complex.200

An equilibrium between (trans-1,2-peroxo)- and bis(μ-oxo)dicopper cores was reported,345 

with possible implications for understanding novel reactivity ascribed to the former.346 

Following previous studies of the oxygenation of [(L40d)Cu]-PF6 in EtCN,349,350 it was 

found that oxygenation of its B(C6F5)4
− salt in THF initially yielded UV–vis spectra 

consistent with (trans-1,2-peroxo)dicopper species but then evolved to a final spectrum that 

also contained features indicative of the bis(μ-oxo)dicopper core. The presence of two sets 

of ν(O–O) and ν(Cu–O) stretching frequencies (in addition to the Cu2O2 mode at 584 cm−1) 

was attributed to the presence of two (trans-1,2-peroxo)dicopper isomers differing with 

respect to the disposition of the L40d ligands (C1 vs Ci symmetry species; Figure 59). 

Kinetic and thermodynamic parameters for the equilibrium were reported. Inspired by the 

finding of this equilibrium, it was suggested on the basis of DFT calculations that a bis(μ-
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oxo)dicopper isomer might also be energetically accessible for another system previously 

reported to yield a (trans-1,2-peroxo)dicopper complex. This complex supported by L60 had 

been found to bind and hydroxylate exogenous phenolates in what was cited to be a novel 

reactivity for the typically nucleophilic (trans-1,2-peroxo)dicopper core.346 It was proposed 

that a bis(μ-oxo)dicopper isomer was energetically inaccessible; however, this was 

challenged using the calibrated DFT method, which suggests that the phenolate oxidation 

might actually be performed by a bis(μ-oxo)dicopper isomer.345

In recent studies of the reactivity of (trans-1,2-peroxo)-dicopper complexes supported by 

L30348 or L42a,340 oxidation of toluene to predominantly benzaldehyde was observed. It 

was noted, however,348 that the involvement of other copper–oxygen intermediates could not 

be ruled out. Protonation of the (trans-1,2-peroxo)dicopper core typically results in 

formation of H2O2
344,351 but can also yield a (1,1-hydroperoxo)dicopper species (see 

section 3.3).

Inspired by a theoretical analysis of the mechanism of formation of the (μ-η2:η2-

peroxo)dicopper core in hemocyanin, 352 a (cis-1,2-peroxo)dicopper moiety was targeted for 

synthesis and characterization.38,353,354 In accordance with the computations, the process of 

formation of the antiferromagnetically coupled singlet (μ-η2:η2-peroxo)dicopper unit from 

triplet O2 and two Cu(I) ions requires an initial activation event followed by intersystem 

crossing. This initial activation was proposed to involve an electron transfer from each Cu(I) 

ion into orthogonal O2 π* orbitals to lead to a triplet (1,2-peroxo)dicopper unit. The first 

example of a (cis-1,2-peroxo)-dicopper complex was prepared using the pyrazolate-bridged 

ligand L65a (Figure 60).353 The X-ray structure of the stable complex 79 revealed cis 
binding of the peroxide ligand with a Cu–O–O–Cu torsion angle of 65.2°. A sodium ion 

binds to the peroxide in the crystals and in solution. Detailed characterization by 

spectroscopy and magnetism studies indicated weak binding of the peroxide to the two 

Cu(II) ions (ν(Cu–O) = 437 cm−1, ν(O–O) = 799 cm−1) that are only weakly 

antiferromagnetically coupled (–2J = 144 cm−1). This weak coupling was ascribed to the 

torsion angle intermediate between the extremes expected for strong antiferromagnetic (0°) 

or ferromagnetic coupling (90°). With the aim of driving the geometry toward that which 

would favor a triplet ground state, ligand L65b featuring an additional methylene linker was 

examined.354 Indeed, the resulting (1,2-peroxo)dicopper complex 80 exhibited a shorter Cu–
Cu separation of 3.68 Å and a 104.5° torsion angle (thus, denoted as a “trans” geometry) and 

a triplet ground state arising from noninteracting orthogonal magnetic orbitals (Figure 60). 

Thus, complex 80 represents a unique model of the intermediate species proposed along the 

pathway of O2 activation by hemocyanin and related enzymes.

3.2.2. (1,1-Hydroperoxo)dicopper Complexes—Several dicopper complexes featuring 

1,1-hydroperoxo ligands have been prepared, typically via protonation of a (peroxo)dicopper 

precursor or reaction of a Cu(II) complex with H2O2.355–359 For those complexes 

characterized since 2004, spectroscopic data are presented in Table 8; X-ray crystal 

structures of complexes 81 and 82 (Figure 61) were determined. Common features include 

intense UV–vis absorptions assigned as LMCT transitions at ~350–400 nm, ν(O–O) ~860–
890 cm−1 that are higher than typically seen for (peroxo)dicopper complexes (vide infra), 

and EPR data indicative of weak antiferromagnetic coupling between the Cu(II) ions.
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The synthesis of 82 is notable insofar as it is a unique case where protonation of a 

(peroxo)dicopper species (80) to generate a (1,1-hydroperoxo)dicopper complex is 

reversible.359 The protonation of 80 to yield 82 proceeded without a detectable intermediate 

(stopped-flow, −20 °C) and was readily reversed by treatment with 1,8-diazabicyclo-

undec-7-ene (DBU). The pKa for 82 in CH3CN was determined to be 22.2 ± 0.3.

Several examples of hydroxylation reactions have been observed for (1,1-

hydroperoxo)dicopper complexes. The (1,1-hydroperoxo)dicopper complex resulting from 

reaction of the dicopper(I) complex of L54 with O2 was found to react with the nitrile 

solvent to yield an aldehyde and cyanide (found as a bridging ligand in a tetracopper(II) 

product).355 A mechanism involving hydroxylation of the α-C–H bond of the nitrile by the 

hydroperoxo moiety was proposed. In a separate report, the same (1,1-hydroperoxo)dicopper 

complex was implicated in the oxidation of guanine in reactions with DNA.360 

Intramolecular hydroxylation of a ligand arm methylene group was observed for complex 81 
upon its decomposition in the solid state.357 A (1,1-hydroperoxo)dicopper complex was 

identified at low temperature as an intermediate in the double hydroxylation of the bridging 

arene in L58b upon reaction of its dicopper(II) complex with H2O2,358 a reaction 

reminiscent of an earlier report of the system supported by L49a.361

(1,1-Hydroperoxo)dicopper complexes have also been implicated in dioxygen reduction 

reactions, with mechanistic differences seen under different reaction conditions.362,363 

Catalytic 2-electron reduction of O2 to H2O2 was observed upon reaction of 83 with HOTf 

and Fc* in acetone, but 4-electron reduction of O2 to H2O occurred when HClO4 was used 

with Fc* or weaker reductants such as Fc (Figure 62). Mechanistic studies led to the 

proposal that when the stronger acid HClO4 is used, protonation of both the hydroxide and 

the phenoxide occurs, resulting in decomplexation of the latter and more facile reduction of 

the dicopper(I) intermediate (less powerful reductant needed). The weaker acid HOTf does 

not protonate the phenoxide bridge, making reduction more thermodynamically difficult. 

Importantly, in both cases a (1,1-hydroperoxo)dicopper intermediate is involved; but with 

HOTf, protonation and loss of H2O2 occurs (2-electron reduction pathway), whereas with 

HClO4, PCET reductive cleavage of the hydroperoxide is favored (4-electron reduction 

pathway).

3.2.3. (μ-η1:η2-Peroxo)dicopper Complexes—Two examples of this binding mode 

have been proposed as products of oxygenation of dicopper(I) complexes of pentadentate 

ligands L63 and L64 (see Figure 34).364,365 Unfortunately, confirmation of this unusual 

bonding mode via X-ray crystallography has not been reported, and the UV–vis, resonance 

Raman, and EPR spectroscopic data for these complexes do not differ significantly from that 

typical for (1,2-peroxo)dicopper complexes. Still, it is reasonable to suggest that the 

bis(pyridylmethyl)amine fragment in L63 and L64 would favor η2 coordination, and 

precedent exists for other metal ions for (μ-η1:η2-peroxo) coordination (Figure 63).
352,364,365
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3.3. Mono(μ-oxo/hydroxo)dicopper Complexes

Inspired by the various postulates of oxo-and hydroxo-bridged dicopper cores as 

intermediates in catalytic oxidations by pMMO and Cu-doped zeolites (section 1), 

significant recent effort has been focused on understanding the properties of synthetic 

analogs. The relatively few synthetic complexes with (μ-oxo)dicopper(II) cores have been 

reviewed recently.29 Thus, herein, we only briefly survey selected examples. In early work, 

complexes 84,29,366 85,367 86,368–370 and 87218,371 supported by mononucleating ligands 

were prepared (Figure 64), with their formulations indicated by spectroscopy and their 

accessibility from multiple routes described (cf. reactions of Cu(I) complexes with O2, 

PhIO, and/or NO). An X-ray crystal structure was reported for 85, but interpretation was 

hindered by disorder involving the chemically inequivalent O atoms in the core.367 In 

general, the oxo ligands in these complexes are nucleophilic, readily protonated, and 

transferable to oxophilic substrates like PPh3. (μ-Oxo)dicopper(II) units were also identified 

in the complexes 88 (postulated, but not identified conclusively), 372,373,374 89, and 90 
(Figure 65).375 Complex 89 was characterized by X-ray crystallography, but charge balance 

considerations led to the postulate that the crystals contained a 1:1 mixture of 89 and its 

protonated (μ-hydroxo)dicopper(II) congener. Complex 90 was characterized by 1H NMR 

spectroscopy, EXAFS, and ESI-MS, and was EPR silent. EXAFS and DFT calculations 

show a Cu–Cu distance of 2.91 and 2.844 Å, respectively. In addition to converting Ph3P to 

Ph3PO, 90 also oxidizes di-tert-butylphenol to yield products of radical coupling and further 

oxidation (quinone and 2,4,7,9-tetra-tert-butyloxepino[2,3-b]-benzofuran). Reaction of 91 
with O2 or PhIO at low temperature also yielded (μ-oxo)dicopper-(II) units, although as a 

mixture of intramolecular, dimeric, and oligomeric species.376

While dicopper(II) complexes with hydroxide bridges are common,377 higher valent 

examples relevant to proposed pMMO or Cu-zeolite intermediates have only been examined 

recently.378,379 The structurally defined dicopper(II) complexes 92 and 93 (Figure 66) were 

oxidized by 1-electron to yield species formulated as Cu(II)Cu(III) complexes on the basis 

of spectroscopic data. Both complexes exhibited axial EPR spectra consistent with a 

localized mixed-valent ground state, with additional support provided by DFT calculations. 

Subtle differences in the UV–vis data were interpreted to indicate Robin-Day380 class II 

behavior for 93.379 For the complex derived from 92, an additional 1-electron oxidation was 

proposed to yield a dicopper(III) species on the basis of Cu K-edge XAS and UV–vis redox 

titration results.378 DFT calculations supported retention of the hydroxo bridges in the 

oxidized complexes.

4. TRICOPPER COMPOUNDS

Interest in the properties of tricopper–oxygen complexes has been stimulated by the role 

such species play in the reduction of O2 to H2O by the multicopper oxidases (MCOs) and by 

the postulate of tricopper species as active intermediates in pMMO. With respect to the 

MCOs, particular attention has been paid to identifying the so-called “peroxo” and “native” 
intermediates in these enzymes through spectroscopy, as described in several reviews 

(Figure 1e).5,6,381 Importantly, detailed studies of relevant tricopper-oxgyen compounds 

have provided fundamental information useful for delineation of the structures of these 
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enzyme intermediates.382 In addition, the controversial postulate of a tricopper active site in 

pMMO76,86 has stimulated intriguing studies of the biological reactivity of tricopper 

complexes with C–H bonds.

4.1. Bis(μ-oxo)tricopper Complexes

Since the first report of the [Cu3O2]3+ core in complexes supported by L6a294 and others 

described in the previous review,383,384 two other examples have been identified.385,386 In 

one case, oxygenation of a Cu(I) complex of a sterically unencumbered L4a with O2 

generated a novel neutral complex proposed to contain the [Cu3O2]3+ core on the basis of 

UV–vis and EPR spectroscopy (signal indicative of an S = 1 ground state), ESI-MS, and a 

3:1 Cu:O2 reaction stoichiometry.385 Decreased electrophilic reactivity relative to other 

examples and the observation of oxidation of PPh3 to OPPh3 were traced to the overall 

neutral charge of the complex and the strong electron-donating characteristics of the L4a 
supporting ligands.

In a second example, ligands comprising bis(pyridylmethyl)-amine (L61a) or 

mono(pyridylmethyl)amine (L61b) chelates were preorganized to bind three Cu(I) ions by 

Y(III) binding to a heptadentate L61 donor set (Figure 67).386 Low-temperature oxygenation 

at low concentrations (0.05 mM) yielded [Cu3O2]3+ cores as indicated by UV–vis 

spectroscopy and the Cu:O2 stoichiometry. These findings contrast with the results of 

oxygenations of Cu(I) complexes of simple N-donor analogs, highlighting the key role of the 

ligand preorganization of the Ytemplate in driving the formation of the tricopper unit. The 

complexes were not reactive with 2,4-di-tert-butylphenol or DHA, but HAT was seen from 

TEMPOH and oxygen atom transfer was seen to PPh3.

4.2. Other Tricopper–Oxygen Complexes

Numerous unsuccessful attempts to prepare tricopper–oxygen intermediates via oxygenation 

reactions of tricopper(I) complexes supported by multidentate ligands have been reported, 

with the formation of stable tricopper(II) motifs or undesired dicopper–oxygen units being 

common outcomes. 278,387,388 In addition, many examples of trinuclear copper(II) 

complexes have been characterized, with particular interest focused on their use as catalysts 

for hydrocarbon oxidations.389–395 A full discussion of such complexes is beyond the scope 

of the current review. Instead, we focus on select examples of complexes of particular 

relevance or use in understanding the nature of the “native” and “peroxo” intermediates in 

MCOs or the active center in pMMO.

While oxygenation of the Cu(I) complexes of L1a at low temperature yielded the peroxo 

complex 44 (Figure 36), reaction of [(L1a)Cu(CH3CN)]X (X = ClO4
−) with O2 at room 

temperature yielded the tris(hydroxo)tricopper complex 94 that models a proposed structure 

for the native intermediate in MCOs (Figure 68).396 For X = CF3SO3
−, or when excess 

(Bu4N) (CF3SO3) was added to 94, a bis(hydroxo)dicopper complex 95 formed instead, and 

the preference for the species formed was traced to hydrogen bonding and ion-pairing 

interactions in both the solid state and THF solution. Complex 94 exhibited spin-frustration 

and interesting magnetic properties that were examined in detail using variable-field 

magnetic circular dichroism and EPR spectroscopy.397 Subsequent detailed comparisons 
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were made between the properties of 94 and those of an alternative structure for the native 

intermediate,398,399 namely a (μ3-oxo)tricopper cluster which lacked additional bridging 

ligands.400 It was concluded that the properties of the (μ3-oxo)tricopper cluster best matched 

those of the native intermediate; the driving force for the formation of the stable (μ3-

oxo)tricopper core was shown to be critical for the overall O2 reduction process catalyzed by 

the enzymes.399

Various tricopper complexes supported by ligands L79a–f have been shown to participate in 

the catalytic oxidations of hydrocarbons,374,401,402 including the conversion of methane to 

methanol.403 These results have been cited in favor of the proposition that the active site of 

pMMO contains a tricopper cluster.86 A general mechanism for dioxygen activation by 

tricopper(I) complexes of these ligands has been proposed which involves initial formation 

of a (peroxo)dicopper intermediate (96) that undergoes O–O bond scission to yield a highly 

reactive mixed-valent species 97 (Figure 69). DFT calculations led to the suggestion of a 

mechanism for substrate oxidation by this intermediate involving “singlet oxene transfer.” 85 

While a provocative proposal, such a pathway remains speculative because intermediate 97 
has not been identified definitively by experiment. Within this context, we note the 

identification of a [Cu3(μ-O)3]2+ core that hydroxylates methane in the zeolite mordenite 

(Figure 2).118

5. SUMMARY AND CONCLUSIONS

Since the publication of the previous articles published in this journal on this subject in 

2004,15,16 significant further advances have been made in our understanding of the nature of 

copper–oxygen complexes relevant to catalytic intermediates. New motifs have been 

discovered, including heterbimetallic bis(μ-oxo), [CuOH]2+, (cis-1,2-peroxo)dicopper, and 

mixed-valent (μ-hydroxo)dicopper(II,III) cores. In addition, as described above, new 

examples of previously known cores have been characterized with variable supporting 

ligands, including simple ones like imidazoles, which more closely mimic biological donors. 

Moreover, new insights into the reactivity of a variety of copper–oxygen species have been 

obtained that have changed the way we think about their role in catalytic oxidations.

No doubt, the field has matured and the questions being addressed are ever more focused on 

details of spectroscopy and mechanism. Many important challenges remain, however, that 

continue to stimulate research. For example, while identified in the gas phase and evaluated 

by theory, complexes with the [CuO]+ core have yet to be isolated and characterized. 

Postulates of novel copper-containing structures as active species in important oxidations, 

such as the hydroxylation of methane or the oxidative cleavage of DNA (by the ATCUN 

motif, for example),98 await unequivocal verification. Indeed, the nature of the oxidant in 

LPMO and pMMO remains a mystery, and efforts continue to be made to synthesize and 

characterize relevant compounds that are capable of attacking strong C–H bonds at rapid 

rates, such as those with oxo/hydroxo bridges between copper ions at various oxidation 

levels. New catalytic oxidations using copper compounds as catalysts continue to be 

discovered, but firm identification of intermediates and mechanisms often is lacking. 

Examples span oxidations of water404,405 and hydrocarbons,406 reactions of particularly 

keen interest, because of their relevance to energy transformations. The need to understand 
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how such reactions proceed provides ample impetus for further study using approaches like 

those described herein that involve the clever use of supporting ligands to enable the detailed 

characterization of novel copper–oxygen compounds.
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ABBREVIATIONS

ATCUN amino terminal Cu(II)- and Ni(II)-binding

ATP adenosine triphosphate

BDE bond dissociation enthalpy

BNAH 1-benzyl-1,4-dihydronicotinamide

BzIm 1,3-dimethyl-2,3-dihydrobenzimidazole

CB-PPO coupled binuclear polyphenol oxidases

CcO cytochrome c oxidase

Cm cumyl

CMA N-cyclopropyl-N-methylamine

CPET concerted proton electron transfer

DβM dopamine β-monooxygenase

DBU 1,8-diazabicyclo-undec-7-ene

DFB 1,2-difluorobenzene

DFT density functional theory

DHA 9,10-dihydroanthracene

DMPO 5,5-dimethyl-1-pyrroline N-oxide

DNA deoxyribonucleic acid

EPR electron paramagnetic resonance

ESI-MS electrospray ionization-mass spectrometry

EXAFS extended X-ray absorption fine structure

Fc ferrocene

Fc* decamethylferrocene

GAO galactose oxidase
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Gly glycine

HAT hydrogen atom transfer

HIPT 3,5-bis(2,4,6-triisopropylphenyl)phenyl

His histidine

Im imidazole

KIE kinetic isotope effect

LMCT ligand-to-metal charge transfer

LPMO lytic polysaccharide monooxygenase

MCD magnetic circular dichroism

MCO multicopper oxidase

MDP (p-methoxyphenyl)-2,2-dimethylpropanol

Met methionine

MO molecular orbital

NIH National Institutes of Health

NMR nuclear magnetic resonance

ORR oxygen reduction reaction

OTf trifluoromethanesulfonate

PCET proton-coupled electron transfer

Phen phenanthroline

PHM peptidylglycine α-hydroxylating monooxygenase

pMMO particulate methane monooxygenase

PT/ET proton transfer/electron transfer

pz 3,5-diphenylpyrazole

ROS reactive oxygen species

RT room temperature

SCE standard calomel electrode

TβM tyramine β-monooxygenase

TD-DFT time dependent-density functional theory

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy radical
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THF tetrahydrofuran

TIPT 3,5-bis(2,6-diisopropylphenyl)phenyl

TMAO trimethylamine-N-oxide

TMPA tris(2-methylpyridyl)amine

TS transition state

UV–vis ultraviolet–visible

XAS X-ray absorption spectroscopy

ZSM zeolite socony mobile
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Figure 1. 
Proposed copper–oxygen intermediates involved in the reactions of the indicated enzymes. 

(a) and (b) Superoxo, hydroperoxo, and oxyl intermediates proposed for the monocopper 

sites in the indicated enzymes, R = H or Me. (c) Possible equilibrium between putative 

substrate-bound intermediates, either of which could undergo electrophilic attack at the 

substrate to yield a catecholate species in the monooxygenase reaction of coupled binuclear 

polyphenol oxidases such as tyrosinase (N indicates nitrogen donor atom of histidine 

imidazoles). (d) Selected copper–oxygen intermediates speculated to be responsible for C–H 

bond attack of substrate by particulate methane monooxygenase. (e) Selected tricopper 

intermediates proposed for reduction of O2 to H2O by the multicopper oxidases.40 The 

proximate type 1 Cu electron transfer center is not shown. (f) Two key intermediates 

proposed for reduction of O2 to H2O by the Fe–Cu core of cytochrome c oxidase.
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Figure 2. 
(a) Proposed transition state for hydrogen atom abstraction from methane by the (μ-

oxo)dicopper core of Cu-ZSM-5 (ref 112). (b) Alternative O2 activation pathway calculated 

by DFT for Cu-ZSM-5 (ref 115). (c) Structure and location of [Cu3(μ-O)3]2+ core in 

mordenite. Reprinted with permission from ref 118. Copyright 2015 Nature Publishing 

Group.
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Figure 3. 
Overall catalytic reaction and proposed mechanism for the hydroxylation of benzoate 

derivatives (TMAO is trimethylamine-N-oxide) (ref 121).
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Figure 4. 
1:1 Cu:O2 core structures.
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Figure 5. 
1:1 Cu:O2 adducts defined by X-ray crystallography, supported by ligands L39a,b (1a,b), 

L44 (2), L2d,e (3a,b), or L3b (4). Reprinted from ref 123. Copyright 2007 American 

Chemical Society.
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Figure 6. 
DFT calculated spin down (β) MO diagram of 2. Reprinted from ref 133. Copyright 2010 

American Chemical Society.
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Figure 7. 
Proposed hydrogen bonding interactions in 2·CF3CO2H and 5 (refs 134 and 130) supported 

by ligands L44 and L41d, respectively.
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Figure 8. 
Proposed dual pathway for the oxygenation reaction resulting in formation of complex 3a. 

Adapted from ref 151.
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Figure 9. 
Reaction of a 1:1 Cu:O2 adduct (6, supported by ligand L28a) with a Cu(I) complex to yield 

a (trans-1,2-peroxo)dicopper complex (7; ref 128).
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Figure 10. 
Reversible O2 binding to yield 1:1 Cu:O2 adduct 8 (supported by L74, X = Me or Ph) and its 

conversion to a bis(μ-oxo)dicopper complex 9. Adapted from ref 141.
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Figure 11. 
Intramolecular aryl ring hydroxylation/oxidation reaction of 3a (ref 170).
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Figure 12. 
Reactivity of 5 with hydride donors, proposed to involve initial HAT (ref 130).
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Figure 13. 
Proposed mechanism for intramolecular hydroxylation by 10 (supported by L33c, refs 131 

and 162).
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Figure 14. 
Proposed pathways for the generation of oxidized products (in boxes) from the reaction of 

Cu(II)-O2
−• complexes supported by L (L41b and L41c; similar products formed for L44) 

(refs 127, 136, and 175).
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Figure 15. 
Routes by which [CuOOR]+ (R = H, alkyl, or acyl) complexes may be generated. S–H = 

substrate C–H or O–H bond. Supporting ligands not shown.
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Figure 16. 
Proposed mechanism for generation of [CuOOH]+ complexes supported by ligand L35b and 

L35c. Only the donor N atoms of the supporting ligand are shown; S = solvent molecule (ref 

179).
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Figure 17. 
Proposed mechanism for generation of [CuOOH]+ complexes supported by ligand L41h 
(ligand not shown; ref 188).
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Figure 18. 
Generation of alkylperoxide complexes supported by L18 via functionalization of acetone 

solvent. Y = ClO4
− or H2O; S = MeCN or H2O; X = NO2, Cl, H, Me, OMe; n = 1 or 2, 

depending on Y (refs 180, 184, and 185).
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Figure 19. 
Proposed mechanism for the generation of 18 from reaction of cumene hydroperoxide with 

the Cu(I) complex (14) of L42c (X = TIPT), R = dimethylbenzyl (cumyl), S = CH3CN (ref 

195).
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Figure 20. 
X-ray structures of the [CuOOH]+ complex of L41e (19), also drawn in Figure 21), and the 

[CuOOCm]+ (Cm = cumyl) complex of L39c (20). Selected interatomic distances (Å): (19) 

Cu–O, 1.888(4); O–O, 1.460(6) (20) Cu–O, 1.816(4); O–O, 1.460(6). (19) Reprinted from 

ref 37. Copyright 2005 Elsevier. (20) Reprinted from ref 199. Copyright 1993 American 

Chemical Society.
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Figure 21. 
[CuOOH]+ complexes illustrating hydrogen bonding to the proximal O atom (19, supported 

by L41e) (refs 198 and 211), distal O atom (21, supported by L43a; ref 207), and with no 

hydrogen bonding (22, supported by L43b; ref 207).
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Figure 22. 
Reactivity of [CuOOH]+ complex 23 (L = L41h) (refs 188 and 193).
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Figure 23. 
Aryl group hydroxylations by [CuOOR]+ complexes. (a) Reaction of complex 24 supported 

by L41f (ref 181). (b) Reaction of 2-hydroxy-2-peroxypropane complexes 13, highlighting 

the proposed mechanism. X = NO2, Cl, H, Me, OMe (refs 180 and 184).
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Figure 24. 
Proposed mechanism for the conversion of the 2-hydroxy-2-peroxypropane complex of 

L18a to a Cu(II)-acetate complex (ref 184).

Elwell et al. Page 89

Chem Rev. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 25. 
N-dealkylation reactions of complexes (27) of L41g (R = H) and L41i–k (R = aryl) (refs 

182, 186, and 189).
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Figure 26. 
Proposed conversion of 1:1 Cu:O2 complex 2 to copper(II)-alkoxide 30 upon reaction with 

H atom donor reagents (ref 175).
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Figure 27. 
Hypothesized mechanism for N-dealkylation of 27, with only the attacked arm of the L41i–
k ligand shown. All copper species have an overall charge of +1 (ref 189).
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Figure 28. 
Reactivity of [CuOOR]+ (R = Cm) complex 31 with proposed mechanism involving O–O 

bond homolysis (ref 185).
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Figure 29. 
Copper(I) complexes (a) 34 (supported by L18a) which proceeds via a 2:1 stoichiometry 

(not shown) and (b) the proposed pathway for reaction of cumyl hydroperoxide with 35 
(supported by L69) to yield CmOH and the Cu(I) complex of the oxidized ligand 38 (refs 

191 and 192).
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Figure 30. 
(left) Qualitative molecular orbital (MO) scheme for [CuO]+. Reprinted with permission 

from ref 57. Copyright 2011 AIP Publishing). (right) Orbital scheme for [CuO]+ unit in 

PHM. Reprinted with permission from ref 17. Copyright 2005 Elsevier Ltd.
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Figure 31. 
Reaction of 39 (supported by L17) that results in hydroxylation of the ligand and the 

mechanism proposed on the basis of DFT calculations. Adapted from ref 228.
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Figure 32. 
Complexes with a [CuOH]2+ core supported by L28a–c and L25, respectively (refs 237–

239).
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Figure 33. 
Plot of log(k) vs ΔH (equivalent to the ΔBDE between the aqua complexes and the C–H 

bonds of the substrates) for reactions of 40 (black), 43 (red), and 42 (blue) with the 

substrates DHA (filled circles), cyclohexene (open circles), diphenylmethane (filled 

squares), THF (open squares), toluene (filled stars), and cyclohexane (open stars) at −25 °C 

in 1,2-DFB. Reprinted from ref 239. Copyright 2016 American Chemical Society.
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Figure 34. 
Isomeric cores of 2:1 Cu:O2 complexes.
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Figure 35. 
X-ray crystal structure of the (μ-η2:η2-peroxo)dicopper complex dication supported by 

L20c. Selected interatomic distances (Å): O1a-O1b = 1.475(4), Cu···Cu = 3.6349(8). 

Reprinted from ref 250. Copyright 2016 American Chemical Society.
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Figure 36. 
Reaction of (μ-η2:η2-peroxo)dicopper complexes 44 (supported by L1a) with 2,4-di-tert-
butylphenolate, with proposed mechanism based on spectroscopy and theory (refs 251–253).
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Figure 37. 
Synthesis of (μ-η2:η2-peroxo)dicopper complexes with simple imidazole ligands (refs 257–

259).
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Figure 38. 
Proposed (μ-η2:η2-peroxo)dicopper complexes supported by L58c (52; ref 268) and L58a 
(53; refs 272 and 273).
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Figure 39. 
Ligand hydroxylation reactions of (μ–η2:η2-peroxo)-dicopper complexes supported by 

L58f–h (54; refs 275 and 277) or L58i (R3 = Me, R = H, OMe, tBu, and NO2) (55; ref 281).
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Figure 40. 
Proposed formation of an intermediate CuICuII(O2

−•) species (ref 280).
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Figure 41. 
Proposed mechanisms for the catalytic reduction of O2 to H2O by 56 (L51a) in the presence 

of exogenous Fc* as a reductant (ref 288).
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Figure 42. 
X-ray crystal structure of the bis(μ-oxo)dicopper complex supported by L6c. Reprinted from 

ref 292. Copyright 2005 American Chemical Society. Selected interatomic distances (Å): 

Cu(1)–O(1), 1.809(6); Cu(1)–O(2), 1.808(6); Cu(2)–O(1), 1.795(5); Cu(2)–O(2), 1.799(6); 

Cu(1)···Cu(2), 2.744(1); and O(1) ···O(2), 2.334(1).
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Figure 43. 
Controlled formation of di- and tricopper complexes, [(L1c)Cu2O2]2+ and [(L1c)Cu3O2]3+, 

via selective addition of dioxygen (refs 291 and 294).
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Figure 44. 
Stability order of bis(μ-oxo)dicopper complexes. Adapted from ref 296.
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Figure 45. 
Proposed mechanism for the reduction of O2 to H2O invoking the intermediacy of the bis(μ-

oxo)dicopper (65) complex supported by L18a (ref 288).
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Figure 46. 
Proposed pathway for hydroxylation of an appended arene of the L7 ligand (ref 301).
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Figure 47. 
DFT geometry-optimized structure for the bis(μ-oxo)-dicopper intermediate proposed in the 

oxidation of the appended phenol in L80a. Reprinted with permission from ref 302. 

Copyright 2015 the Royal Society of Chemistry.
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Figure 48. 
Comparison of the reactivity of set of bis(μ-oxo)dicopper complexes 51 (L10a), 66 (L14), 

and 67 (L27) with 2,4-di-tertbutylphenol (“phenol”) and 2,4-di-tert-butylphenolate 

(“phenolate”) (ref 306).
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Figure 49. 
Reaction of 68 (L48) with phenolates (69) identified for X = Cl (refs 309 and 310).
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Figure 50. 
Comparison of results of oxygenation of Cu(I) complexes of the indicated ligands (R = 

CH2CH2Ph), which yield either the indicated (μ-η2:η2-peroxo)- or bis(μ-oxo)dicopper cores 

(refs 314–317).
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Figure 51. 
Variation in ratio of isomers formed as a function of the substituent in the L21 supporting 

ligand (ref 320).
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Figure 52. 
Results of the reactions of the Cu(I) complexes of the indicated ligands with O2 (ref 326).
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Figure 53. 
Comparison of the results of oxygenations of Cu(I) complexes of the indicated ligands (refs 

262, 324, 330, and 331).
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Figure 54. 
Synthesis of Cu-containing heterobimetallic complexes using 3a (L2d,e) and 70 (L81) as 

the starting materials (ref 167).
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Figure 55. 
General scheme showing the synthesis of Cu-containing heterobimetallic complexes using 

1:1 M:O2 adducts as starting materials (see Table 6 for specific M and L combinations).
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Figure 56. 
Course of oxygenations of Cu(I)–Ge(II) complexes (ref 168).
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Figure 57. 
Relationship of O–O bond strength and electron donation between complexes 

[(L41a)Cu2O2]+ (left), 78 (L67) (middle), and [(L82)Cu2O2]+ (right) (ref 342).
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Figure 58. 
Ligand derivatives that yielded indicated copper–oxygen cores upon reaction of their Cu(I) 

complexes with O2 (refs 341, 343, and 348).
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Figure 59. 
Proposed equilibrium between Ci (left) and C1 (right) isomers of (trans-1,2-peroxo)dicopper 

complexes with bis(μ-oxo)dicopper isomer (ref 345).
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Figure 60. 
(top) X-ray crystal structures of the (1,2-peroxo)dicopper complexes 79 and 80 and (bottom) 

orthogonal molecular orbitals in 80 that give rise to its S = 1 ground state. Reprinted with 

permission from ref 38 (top) and ref 354 (bottom). Copyright 2015 Wiley-VCH.
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Figure 61. 
(1,1-Hydroperoxo)dicopper complexes supported by L40f and L65b, respectively, that have 

been structurally characterized by Xray crystallography (refs 357 and 359).
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Figure 62. 
Oxygen reduction reactions involving intermediate 83 (refs 362 and 363).

Elwell et al. Page 127

Chem Rev. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 63. 
Proposed structure of a (μ-η1:η2-peroxo)dicopper complex supported by L64 (ref 364).
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Figure 64. 
Examples of (μ-oxo)dicopper(II) complexes (references cited in text).
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Figure 65. 
Examples of (μ-oxo)dicopper(II) complexes (refs 372–375).

Elwell et al. Page 130

Chem Rev. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 66. 
X-ray crystal structures of hydroxo-bridged dicopper(II) complexes 92 (L59) and 93 (L55) 

that served as starting materials for the preparation of higher valent species. (left) Only 

anion shown; Cu–Cu = 2.6596(15) Å. Reprinted from ref 378. Copyright 2014 American 

Chemical Society. (right) Cation and one counterion shown; Cu–Cu = 2.7511(12) Å. 

Reprinted from ref 379. Copyright 2016 American Chemical Society.
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Figure 67. 
Oxygenation of a tricopper(I) complex of a templated, preorganized ligand (L61a,b). 

Adapted from ref 386.
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Figure 68. 
Results of room temperature oxygenation of Cu(I) complexes of L1a (ref 396).
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Figure 69. 
(top) Proposed mechanism for generation of the hypothesized reactive intermediate in 

hydrocarbon oxidations by complexes of ligands L79a–f. Supporting ligands not shown. 

(bottom) Space-filling and ball-and-stick drawing of calculated structure for intermediate 97 
supported by L79f. Reprinted with permission from ref 403. Copyright 2013 Wiley-VCH. 

*Corresponding Author: wtolman@umn.edu.
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Chart 1. 
Ligands Containing Two Nitrogen Donors
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Chart 2. 
Ligands Containing Three Nitrogen Donors
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Chart 3. 
Ligands Containing Four Nitrogen Donors
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Chart 4. 
Ligands Containing Five or More Nitrogen Donors
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Chart 5. 
Ligands Containing a Mixture of Nitrogen, Sulfur, and Oxygen Donors
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Table 4

Selected Thermodynamic Parameters for the Formation of 1:1 Cu:O2 Adducts

ligand (solvent) Keq (M−1) ΔH° (kcal mol−1) ΔS° (cal mol−1 K−1) ref

L42a (EtCN) (1.35 ± 0.04) × 106a −10.73 ± 0.05 −30.6 ± 0.2 144

L44 (MeTHF) (6.3 ± 1.9) × 103b −9.6 ± 0.5 −32.0 ± 2.6 160

L41a (THF) (6.5 ± 0.02) × 105b −11.6 −33.5 163

L43c (THF) (1.5 ± 0.06) × 105b −8.22 −18.5 161

L40a (THF) (1.1 ± 0.03) × 105b −9.82 −27.2 161

L36 (THF) (7.0 ± 0.1) × 102a −2.27 ± 0.07 0.614 ± 0.382 162

a
At 183 K.

b
At 193 K.
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